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Drip irrigation is a water efficient technology which is used worldwide in agriculture. Water 
and nutrients are transported directly to the root zone of the plants at a uniform and designed 
discharge rate. This is achieved due to the design of drippers which are integrated in the drip 
pipes. Drippers are devices of a few centimeters in length consisting of a labyrinth and basin 
compartment. Constant discharge rate within a certain water pressure range is assured by the 
labyrinth compartment, in which the hydraulic energy dissipates along the zigzag-like flow 
path. In water scarce regions, treated wastewater (TWW) is used for drip irrigation. As 
consequences of nutrients and particles in the TWW, drippers are progressively blocked by 
fouling process. Although the first drip irrigation systems have been established since 1959 
in Israel, there is still a significant knowledge gap surrounding the fouling mechanisms inside 
the drippers. This is due to the reason that drippers are made from non-transparent plastics, 
and integrated in the drip pipes. In this work, non-invasive visualization of biofilm formation 
inside the drippers, fouling potential of TWW and the influence of inorganic particles on 
biofilm formation in dripper geometry are specially targeted in this work.  
A lab-scale and pilot-scale drip irrigation experiments were conducted using synthetic 
wastewater (SynWW) and real tertiary treated wastewater (T-TWW), respectively. The mean 
discharge rate was only 35 % of the nominal discharge rate, when there was 0.04 – 1 g/m² 
dry matter in the pipe of the lab-scale experiment using SynWW. Although there was more 
deposition (4 – 14 g/m²) in the pipe of pilot-scale system using T-TWW, the mean discharge 
rate was the nominal value (100 %). The high inorganic fraction in the fouling material of 
pilot-scale system implies that the inorganic particles from T-TWW helped to mitigate the 
dripper blockage. Addition of phosphate in pilot-scale experiment increased the portion of 
organic fouling in the pipe and aggravated the blockage problem, which suggests that organic 
fouling material causes more severe blockage than inorganic fouling material. 
With the aim of visualizing the biofilm formation and assessing the fouling conditions 
inside the drippers, 3D printed microfluidic devices (MFDs) mimicking dripper structures 
were used to monitor the biofilm formation in-situ and non-invasively by means of optical 
coherence tomography (OCT). To mimic the temperature conditions in (semi-) arid areas, 
experiments were conducted in a temperature box simulating a daily temperature cycle 
between 20 – 50 °C for 30 days. MFDs were either fed with T-TWW, secondary treated 
wastewater (S-TWW) or T-TWW doped with nutrients. OCT data sets (3D) illustrated that 




a labyrinth and a basin compartment. Total biofilm volumetric coverage (in both labyrinth 
and basin compartment) showed the formation rate is highest with T-TWW doped with 
nutrients containing 18 mg/L COD (1.4 % MFD volume/d), and lowest with T-TWW 
containing 6 mg/L BOD5 (0.1 % MFD volume/d). The malfunction of drippers is mainly due 
to the biofouling in the labyrinth compartment, although a labyrinth coverage with biofilm 
of up to 60 % did not reduce the drip rate, whereas further increasing coverage to 80 % 
reduced the discharge rate by 50 % in this study. Moreover, there was a clear effect of the 
daily temperature cycle on biofilm accumulation. Biofilm accumulation rate was inhibited to 
0.1 – 0.2 % MFD volume/d in daily temperature cycle for all three cultivation media. 
Finally, the influence of inorganic particles on biofilm formation was investigated. 
Biofilms were cultivated in either MFDs or flow cells, using SynWW doped with 
diatomaceous earth (DE) and/or montmorillonite (MMT). The biofilm development was 
again monitored over time by means of OCT. Results showed that incorporation of inorganic 
particles into the biofilm structure with total suspended solids (TSS) of 30 and 60 mg/L 
caused more detachment events during normal biofilm cultivation in the MFDs than without 
particles. Biofilm compressibility was determined and a positive correlation between the DE 
concentration and biofilm compressibility was observed. This is one of the most important 
findings from this work. Biofilms become more compressible when cultivated with 30 and 
60 mg/L DE. The biofilm structure is supposed to be stabilized when it gets compressed at 
increasing shear stresses. Therefore, detachment at high shear stresses was the lowest when 
biofilms were cultivated with 60 mg/L DE, compared to biofilms cultivated with less or no 







Zur Verringerung des Wasserverbrauchs wird Tröpfchenbewässerung in der Landwirtschaft 
weltweit eingesetzt. Wasser und Nährstoffe werden durch Rohre mit konstanter und 
definierter Ausflussrate direkt zu der Wurzelzone der Pflanzen transportiert. Dies geschieht 
durch die Einarbeitung von sogenannten Tropfern in die Rohre. Die Tropfer bestehen aus 
einer Labyrinthstruktur gefolgt von einer Beckenstruktur. Dadurch wird der Wasserdruck 
reguliert und eine gleichmäßige Ausflussrate sicherstellt. In wasserarmen Regionen wird 
teilweise behandeltes Abwasser zur Tröpfchenbewässerung verwendet. Aufgrund der im 
Abwasser vorhanden gelösten Nährstoffe und Partikel tritt in den Tropfern Fouling auf, was 
zu Verstopfungen und damit einer Reduktion der Ausflussrate führt. Obwohl die 
Tröpfchenbewässerungssysteme seit 1959 in Israel in Betrieb sind, ist das Verständnis der 
Foulingmechanismen innerhalb der Tropfer begrenzt. Dies liegt daran, dass Tropfer aus nicht 
transparenten Kunststoffen hergestellt werden und in die Tropfrohre integriert sind. Dadurch 
kann Fouling nicht zerstörungsfrei verfolgt werden. Ziel dieser Arbeit war es daher mit Hilfe 
nicht invasiver Visualisierung der Biofilmbildung innerhalb der Tropfergeometrie, das 
Foulingpotential von behandeltem Abwasser und den Einfluss von anorganischen Partikeln 
auf die Biofilmbildung zu untersuchen. 
Dazu wurde neben einem Laborsystem auch eine Pilotanlage mit künstlichem bzw. tertiär 
behandeltem Abwasser betrieben. Im Laborsystem lag die mittlere Ausflussrate bei nur 35 % 
des Zielwertes, wenn sich im Rohr 0,04 - 1 g/m² Trockenmasse befand. Obwohl in den 
Rohren der Pilotanlage mit tertiär behandeltem Abwasser mehr Foulingmaterial stattfand (4 
- 14 g / m²), war die mittlere Ausflussrate der gewünschte Wert (100 % des Zielwertes). Der 
hohe anorganische Anteil in dem Foulingmaterial der Pilotanlage deutet darauf hin, dass die 
anorganischen Partikel im tertiär behandelten Abwasser dazu beitrugen, die Blockade der 
Tropfer zu verringern. Die Zugabe von Phosphat in der Pilotanlage förderte den Anteil des 
organischen Foulingmaterials im Rohr und verstärkte das Fouling, was darauf hindeutet, dass 
organisches Foulingmaterial eine stärkere Blockade als anorganisches Foulingmaterial 
verursacht hat. 
Mikrofluidische Kanäle (microfluidic devices, MFDs), die die Strukturen der Tropfer 
nachahmen, wurden verwendet um die Biofilmbildung innerhalb der Tropfergeometrie zu 
visualisieren und bewerten. Die Biofilmbildung wurde in-situ und nicht invasiv mittels 
optischer Kohärenztomographie (optical coherence tomography, OCT) 3-dimensional 




wurden Versuche in einer Temperaturbox durchgeführt, die einen täglichen 
Temperaturzyklus von 20 - 50 °C über 30 Tage simulierte. In den MFDs wurde die Biomasse 
entweder mit tertiär behandeltem Abwasser, sekundär behandeltem Abwasser oder mit 
Nährstoffen zugeführtem tertiär behandelten Abwasser kultiviert. OCT-Datensätze zeigen, 
dass die Etablierung und Entwicklung von Biofilmen durch die Fluiddynamik beeinflusst 
wurde. MFDs bestehen aus einer Labyrinth- und einer Beckenstruktur. Die gesamte 
volumetrische Bedeckung (Labyrinth- und Beckenstruktur) mit Biofilm zeigte, dass die 
Bildungsrate des Biofilms am höchsten war (1,4 %/d), wenn tertiär behandelndes Abwasser 
mit Nährstoffen (CSB = 18 mg/L) als Medium eingesetzt wurde. Am niedrigsten war die 
Bedeckung bei tertiär behandeltem Abwasser mit 6 mg/L BSB5 (0,1 %/d). Die Blockade der 
Tropfer ist vor allem auf die Biofilmbildung in der Labyrinthstruktur zurückzuführen. Eine 
Bedeckung in der Labyrinthstruktur mit Biofilmen von bis zu 60% verringerte die 
Ausflussrate nicht, wohingegen eine weitere Zunahme der Bedeckung auf 80%, die 
Ausflussrate in dieser Studie um 50 % verringerte. Darüber hinaus gab es eine deutliche 
Auswirkung des täglichen Temperaturzyklus auf die Biofilmbildung. Die Bildungsrate 
wurde auf 0,1 - 0,2 %/d im täglichen Temperaturzyklus für alle drei Kultivierungsmedien 
reduziert. 
Zuletzt wurde der Einfluss von anorganischen Partikeln auf die Biofilmbildung 
untersucht. Biofilme wurden entweder in MFDs oder in Fließzellen mit künstlichem 
Abwasser kultiviert. Diatomeenerde (DE) und/oder Montmorillonit (MMT) wurden zu 
künstlichem Abwasser zugegeben. Die Biofilmbildung wurde erneut mittels OCT über 30 
Tage beobachtet. Die Ergebnisse zeigen, dass der Einbau von anorganischen Partikeln in die 
Biofilm-Struktur, mit Feststoffkonzentrationen von 30 und 60 mg/L im Zulauf, mehr 
Ablöseereignisse verursachte als Biofilme, die ohne Partikeln kultiviert wurden. Zusätzlich 
wurde die Biofilmkompressibilität bestimmt und eine positive Korrelation zwischen DE-
Konzentration und Biofilmkompressibilität beobachtet. Biofilme werden kompressibler, 
wenn sie mit 30 und 60 mg/L DE kultiviert werden. Die Biofilmstruktur soll stabilisiert 
werden, wenn sie bei zunehmenden Schubspannungen komprimiert wird. Daher war die 
Ablösung bei hoher Schubspannungen am niedrigsten, wenn die Biofilme mit 60 mg/L DE 
kultiviert wurde, im Vergleich zu Biofilmen, die mit weniger oder keinen anorganischen 
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Water scarcity is one of the biggest challenges in 21st century. Almost one-fifth of the world's 
population now live in areas of physical water scarcity (UNDP, 2006). Exacerbated by 
population growth, rapid urbanization, and climate change, 52 % of the global population in 
the world is estimated to live under stressed water-resource conditions by 2050 (Schlosser et 
al., 2014). Water availability and accessibility is tightly related to crop production. Among 
all the water usage, 69 % of the world’s fresh water use is refer to agriculture (FAO, 2016). 
Therefore, efficient irrigation methods are crucial to cope with the worldwide water scarcity 
problem.  
Drip irrigation is one of the most efficient methods for irrigation. While sprinkler systems 
have an average water efficiency of 75 %, drip irrigation can increase the water efficiency to 
90 – 95 %. Since population growth and urbanization increases the demand for fresh water, 
treated wastewater (TWW) appears to be a valuable water resources to supplement 
agricultural irrigation. In arid countries such as Israel, Jordan, Peru, and Saudi Arabia, TWW 
has long been used for crop irrigation (WHO, 1989; Wu et al., 2014). However, the use of 
TWW causes the formation of a fouling layer inside the drip irrigation pipes and drippers, 
which leads to gradual blockage of the drip irrigation system. To overcome the fouling 
problem and promote the water saving drip irrigation technology, the knowledge gap 
surrounding fouling driving factors as well as suitable anti-fouling strategies need to be filled. 
 




1.1 What is drip irrigation? 
Drip irrigation is a worldwide used technology. In drip irrigation, water is delivered in pipes 
and drips through drippers at defined discharge rate under a certain pressure range. Drippers 
are integrated in the drip pipe at designed distance. Each dripper incorporates a labyrinth flow 
channel which dissipates the water kinetic energy and reduces the inlet water pressure.  
There are pressure-compensating and non-pressure-compensating drippers. The 
pressure-compensating technology can deliver a uniform flowrate even in areas with difficult 
topographical conditions. For pressure-compensating drippers, a diaphragm is integrated in 
the dripper to regulate and maintain the same flowrate even if pressure/elevation changes. 
Figure 1-1 shows the application of a small drip irrigation and the design of a Netafim™ 
dripper (NetafimTM Ltd., Israel). A small-scale drip irrigation systems usually is comprised 








1.2 Water reuse with drip irrigation: advantages and 
disadvantages 
In arid and semi-arid regions, TWW is often used in agriculture. For example, in Israel 85 % 
of domestic TWW is reused in agriculture, which is more than 45 % of the water used for 
irrigation purposes (MFA, 2016). In Spain, about 10 % of TWW is reused and 80 % of the 
reused water is for irrigation (Esteban, 2009; Raso, 2013). Similarly, about 37 % of the reused 
municipal TWW in California was used for irrigation in 2009 (SWRCB and DWR, 2009; 
Wu et al., 2014). 
The use of TWW for irrigation is an economic way to reduce costs and save resources. 
TWW contains many essential nutrients for plant growth and its application may reduce 
fertilizer application rates (Neilsen et al., 1989). It is reported that crops and vegetables grown 








Figure 1-1. An example of a small-scale drip irrigation system from NetafimTM, Israel. 
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and yield, compared to irrigation with groundwater and fertilizer (Lubello et al., 2004; 
Mohammad and Ayadi, 2004). Al-Nakshabandi et al. (1997) reported that the eggplant yield 
under TWW was twice the average eggplant production under fresh water irrigation using 
conventional fertilizer application in Jordan.  
Moreover, drip irrigation reduces the contact of plants and farmers to pathogens from the 
TWW compared to sprinklers and flood irrigation (Armon et al., 2002; Forslund et al., 2012; 
Song et al., 2006). Furthermore, drip irrigation can reduce the soil salinization when irrigated 
with TWW. Sousa et al. (2011) observed increase of some soil parameters (pH, electrical 
conductivity, organic matter, Ca2+, Na+, K+, Mg2+ and NH4+) after application of TWW, 
indicating that irrigation with TWW can cause a soil sodization. By application of drip 
irrigation, TWW is transported directly to the root zone of the plants. Thus the amount of 
TWW applied is reduced and only the wet zones of the soil were accumulated with salt which 
can be diluted with rain water. Moreover, water reuse in irrigation further decreases pollution 
of surface waters and provides groundwater recharge (Maurer et al., 1995). 
Except for pathogens, using TWW may increase the heavy metal and micro-pollutants 
concentrations in the plant. It is reported that the heavy metal concentrations in the leaves 
and fruits of eggplant when cultivated with TWW was comparable to that with drinking water 
(Al-Nakshabandi et al., 1997). Wu et al. (2014) measured the levels of 19 commonly 
occurring pharmaceutical and personal care products (PPCPs) in 8 vegetables irrigated with 
TWW under field conditions. They used tertiary treated wastewater (T-TWW) without or 
with a fortification of each PPCP at 250 ng/L until harvest. Analysis of edible tissues showed 
a detection frequency of 64 % and 91 % in all vegetables from the TWW and fortified water 
treatments, respectively. And the total concentrations of PPCPs detected in edible tissues 
were in the range of 0.01 − 3.87 and 0.15 − 7.3 ng/g (dry weight), respectively. They 
concluded that the accumulation of PPCPs in vegetables irrigated with TWW was likely 
limited under field conditions.  
The main problem concerning the performance of drip-irrigation systems is that utilizing 
wastewater effluents is clogging the drippers (Adin and Sacks, 1991). Clogging in the 
drippers leads to reduced mean discharge rate as well as reduced uniformity of discharge 
rates along the pipe. In consequence, the crop yield reduces. Depending on the water quality 
and controlling procedures, drip irrigation systems can be used for more than 10 years or 
need to be changed every season. As discussed above, drip irrigation using TWW is a water 
efficient technology and one of the best choices in the deteriorating water stress condition. 
Thus preventing and reducing fouling formation in the drip pipe is an important issue. 




1.3 Fouling driving factors in drip irrigation 
There are four interlinked mechanisms of dripper blockage: (1) physical clogging due to 
interception and deposition of particulate matter; (2) scaling due to chemical precipitation; 
(3) adsorption due to hydrophobic interaction of soluble or colloidal organic macromolecules; 
and (4) bacteria and algae growth (Dosoretz et al., 2011; Tarchitzky et al., 2013). All these 
four mechanisms lead to formation of fouling layers in the drippers.  
Fouling is directly related to water quality in drip irrigation systems. Capra and Scicolone 
(2005) studied the drip performance with six different treated municipal wastewater (primary 
and secondary TWW). They reported that high total suspended solids (TSS, between 3 – 376 
mg/L in the six TWW), biochemical oxygen demand in 5 days (BOD5) (between 15 – 
200 mg/L), and pH (between 7.1 – 7.8) were the water characteristics best correlated with 
dripper blockage. Biofilm formation is a major factor for blockage. Tarchitzky et al. (2013) 
quantified the organic fouling material in the drip pipe irrigated with eleven different water 
sources. They found that total phosphorus concentration (between 5 – 20 mg/L), the sum of 
calcium and magnesium concentration (between 5 – 10 meq/L) and the pH (between 7.6 – 
8.5) of the TWW were best correlated to the portion of organic carbon in the fouling material.  
Drip irrigation technology also spreads in the US, especially in California, Florida and 
Texas. Regarding the water quality, US EPA (2012) defined that secondary treated 
wastewater (S-TWW, BOD5 and TSS < 30 mg/L) can be used for irrigation of food crops if 
further steps including filtration and disinfection were applied. For irrigation of processed 
food crops and non-food crops in the US, the S-TWW only need to be disinfected before use. 
In Israel, TWW is required to the level of 20 mg/L BOD5 and 30 mg/L TSS, due to a demand 
of better wastewater quality for irrigation (Becker, 2013; Brenner et al., 2000). However 
fouling still occurs with the above mentioned water quality, especially when fertigation is 
applied. In fertigation, fertilizers are added in the irrigation water and transported to the plants 
with drip irrigation systems. The additional nutrients in the fertilizer together with the carbon 
source and other nutrients in the TWW provide bacteria a food feast which leads to severe 
blockage problem.  
Moreover, the suspended particles in the water contribute to the fouling process in the 
drip irrigation system. TWW is stored in reservoirs during the rainy season, and then used as 
a water source for irrigation during the dry summer (Adin and Sacks, 1991). The quality of 
the irrigation water thus depends on the undergone treatment as well as the physical and 
biological processes occurring in the reservoir. The suspended particles in the stored TWW 
have a complex composition, including various microorganisms, such as bacteria, protozoa 
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and phytoflagellata. Organic and mineralized flocs, as well as clay particles and other 
inorganic colloidal matter, are also present (Feigin et al., 1991). Previous studies have 
reported that the blockage of irrigation system happened when the algae (sizes ranged from 
3 – 50 µm) concentration in the water source increased by a factor of 10 in July compared to 
May in Israel (Adin and Sacks, 1991). But there is still no study showing the effect of 
inorganic particles on dripper blockage. 
Furthermore, drip irrigation is widely used in arid and semi-arid areas where the air 
temperature is high. To the author’s knowledge, no study has been performed to investigate 
the fouling formation inside drippers at a controlled daily temperature cycle up to 50 °C. 
High temperature can hinder the growth of microorganisms, but also promote inorganic 
scaling. Therefore the impact of high temperature on fouling layer formation when cultivated 
with TWW is of research interest.  
Although the main approach to control dripper blockage is proper water treatment 
(Nakayama and Bucks, 1991), dripper features such as dripper types (pressure-compensating 
or non-pressure-compensating) and flow path geometrical parameters also influence the 
dripper blockage (Li et al., 2006; Qingsong et al., 2008; Yan et al., 2009; Zhou et al., 2014). 
Duran-Ros et al. (2009) and Ravina et al. (1992) found that the drippers with the highest 
flow/discharge rate and largest flow channel were less sensitive to clogging. Liu and Huang 
(2009) report that pressure-compensating drippers performed better compared to non-
pressure-compensating drippers when TWW was used. Moreover, the operational parameters, 




1.4 Fouling control 
The current studies of fouling control in drip irrigation systems focus on using different water 
filtration methods. Generally speaking, sand filters are more efficient than screen filter and 
disk filters (Adin and Elimelech, 1989; Capra and Scicolone, 2005). Puig-Bargués et al. 
(2005) studied the filtration efficiency of screen filters (98 µm, 115 µm and 178 µm), disk 
filters (115 µm, 130 µm and 200 µm) and sand filter (effective diameter for filtration = 
0.65 mm). Results first showed that sand filter was more efficient at removing particles in 
the range of 10 – 80 µm in diameter. By analyzing the particle volume distribution it was 
found that particles larger than the disk and screen filter pores appeared in the filtrates. This 
is probably due to the fact that flocs can break during the filtration process (Adin and 




Elimelech, 1989). However, because of the economic reason, screen and disk filters are more 
often used to pretreat the TWW compared to sand filters with a common recommendation of 
100 – 200 mesh (75 – 150 µm) (Bucks et al., 1979).  
Disinfection and acidification are most common procedures to reduce the fouling 
material in the irrigation systems and recover the drip performance. Katz et al. (2014) studied 
acidification and chlorination procedures of field trials when TWW is used. Their study 
recommended daily chlorination and acidification every 6 weeks. While the drip performance 
is maintained, the acidic cleaning agent and disinfection by-products are discharged to the 
soil, plants, and environment, which are potential health risks. Therefore, a balance between 
drip performance and amount of cleaning agents applied should be studied. 
Another important procedure to maintain the drip performance is flushing. The fouling 
layer in the irrigation system is a mixture of microorganisms, extracellular polymeric 
substance (EPS), chemical precipitation and particulate matters. Regarding the flushing 
velocity, it is reported that a flushing velocity of 0.5 – 0.6 m/s is necessary to remove not 
only small particles, but also larger particles from drip irrigation pipes (Hills and Brenes, 
2001; Nakayama et al., 2007). Moreover, the flushing velocity is also correlated to the 
operation velocity. Stoodley et al. (2002) reported that biofilms grown under higher shears 
were cohesively stronger than those grown under lower shears and higher flowrate was 
needed to initiate biofilm detachment.  
 
 
1.5 Detection and monitoring of biofilm formation in drip 
irrigation systems 
Currently, the major methods to evaluate the performance of drip irrigation systems are to 
measure discharge rates of the drippers and count total number of clogged drippers (Duran-
Ros et al., 2009; Li et al., 2009; Puig-Bargués et al., 2010). Additionally, the amount of dry 
matter and organic dry matter in the pipe are quantified (Katz et al., 2014; Tarchitzky et al., 
2013), and the characteristics of the organic deposition was studied (Tarchitzky et al., 2013).  
However, blockage occurs inside the drippers, which are integrated into the drip pipes. 
Fouling accumulation inside drippers can only be accessed after being opened and examined. 
In former studies, the biofilm inside the dripper was scratched out and the amount of 
phospholipid fatty acids of the fouling material was quantified (Oliver et al., 2014; Yan et al., 
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2010; Zhou et al., 2015). However, the width and height of the inner flow path is often less 
than 1 mm, which makes an exact quantification of biofilm/fouling deposits challenging and 
less accurate. 
To observe the fouling condition inside the drippers, scanning electron microscopy (SEM) 
and optical camera were used. For example, Oliver et al. (2014) showed that biofilms in the 
dripper structure contained bacteria, fungi, EPS and particles by means of SEM. Katz et al. 
(2014) showed the deposit distribution in the labyrinth of the drippers at the mesoscale (mm 
range) with an optical camera (Figure 1-2). To date, researchers were not able to monitor the 
biofilm structure and formation non-invasively at the mesoscale in the drippers. This is 
mainly due to the reason that the biofilm structure is destroyed after cutting and opening the 
drippers. Furthermore, the technologies which have been investigated do not support three-
dimensional imaging with high resolution.  
 
Figure 1-2. Binocular photos of water flow path in the drippers. This figure is adapted from 
Katz et al. (2014). The red dotted lines indicate the water flow paths, and the brown area is 
the fouling material accumulated in the dripper. “OCl-D-A” means daily chlorination plus 
acidification every six weeks. “OCl-W-A” means weekly chlorination and acidification every 
six weeks. “C” means control (no chlorination and no acidification).  
 
Optical coherence tomography (OCT) is a high-resolution, non-invasive, in-situ 
biological imaging technology (Boppart et al., 1998, 1997; Bouma and Tearney, 2001; Huang 
et al., 1991; Tearney et al., 1997). As one of the tomographic imaging methods, such as 
ultrasound imaging and X-ray computed tomography, OCT scans by sections. By using 
wavelength typically in the near inferred range, OCT is able to penetrate a few mm into the 
biological sample and acquire a resolution at µm range.  




During the imaging process, white light (light with broad bandwidths) is split into a 
sample arm and a reference arm. The sample is placed in the sample arm and there is usually 
a mirror in the reference arm. Combining the light reflected from both arms generates an 
interference pattern, which records the optical path length information, or in another way, 
time of flight information. The time of flight information in turn yields spatial information 
about the microstructure of the biological sample (Huang et al., 1991). Figure 1-3 depicts the 
setup of a generic OCT system.  
 
Figure 1-3. Schematic drawing of a generic OCT system. 
 
Using OCT for biofilm investigation was first performed by Xi et al. (2006) and Haisch 
and Niessner (2007). They compared the biofilm images obtained by OCT and confocal laser 
scanning microscopy (CLSM), and proposed that OCT is a non-invasive, label- free, real-
time, in-situ and/or in-vivo imaging modality for biofilm. Wagner et al. (2010) first quantified 
the biofilm structure parameters from the OCT datasets, such as biofilm thickness, porosity 
and density. In the last few years, OCT has been proven to be a suitable tool to quantify 
biofilm volume and reveal biofilm structures at the mesoscale (mm range) (Derlon et al., 
2012; Dreszer et al., 2014; Li et al., 2016; West et al., 2016). Furthermore, OCT can be used 
as an imaging technique to investigate biofilm rheological properties such as shear modulus 
and Young’s modulus (Blauert et al., 2015). The biofilm structure obtained by OCT was also 
incorporated into simulations to understand the influence of biofilm structure on mass 
transfer and particle attachment (Li et al., 2015; Shen et al., 2015). 
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1.6 Research questions and objectives of this work 
Although fouling problem in drip irrigation has been studied since 1990s, there is still a 
significant knowledge gap. In this work, extensive work has been done to characterize the 
fouling behavior in the drip irrigation systems and to monitor biofilm formation under 
different cultivation conditions. The objectives were to understand the fouling mechanisms 
and fouling driving factors for drip irrigation systems. 
In Chapter 2, a lab-scale drip irrigation system fed with synthetic wastewater (SynWW) 
was built up and biofouling behavior under controlled operation parameters was obtained. 
Afterwards, a pilot-scale drip irrigation system was operated directly in the wastewater 
treatment plant, Karlsruhe (Germany) to study the biofilm formation in real field conditions. 
The results from both lab-scale and pilot-scale experiments were compared and the fouling 
mechanisms were characterized.  
Experiments with drip pipes (Chapter 2) do not allow a comprehensive understanding of 
the fouling development inside drippers. In Chapter 3, biofilms were cultivated in 3D printed 
microfluidic devices resembling the internal dripper geometry. Optical coherence 
tomography (OCT) was incorporated to monitor the biofilm formation overtime. In this 
Chapter, an insulated temperature controlled box was constructed to simulate a daily 
temperature cycle from ambient temperature (20 °C) up to 50 °C. The focus of this section 
was to (1) observe the biofilm structure and development inside drippers in-situ over time; 
(2) determine the biofilm formation rate in dependence on different cultivation/irrigation 
media and temperature conditions; and (3) derive a correlation between the detected biofilm 
volume and the dripper discharge rate. 
The role of the inorganic particles in TWW on biofilm formation and mechanical 
properties is still not well investigated. In Chapter 4, diatomaceous earth (DE) and 
montmorillonite (MMT) particles were added to the SynWW to create TSS concentrations 
of 10, 30, and 60 mg/L. The objectives of this section were to (1) observe the biofilm structure 
and development in MFDs at different TSS concentrations; (2) study the biofilm stability by 
flushing and chlorine treatment; and (3) determine the compressibility and mechanical 
stability of biofilms cultivated at different TSS concentrations. 
In summary, the intention of this Ph.D. thesis is to examine fouling driving factors in drip 
irrigation systems, to characterize the fouling material, and to investigate the biofilm 
formation in the dripper geometry. Specially, biofilms were cultivated in 3D printed MFDs 
representing the dripper structure and monitored in-situ by OCT. It is the first time that the 
biofilm structure in the dripper structure was revealed non-invasively and at mesoscale. 




Moreover, the influence of daily temperature mimicking the real climate condition in 
(semi-)arid regions on biofilm formation in the MFDs was investigated. Finally the role of 
inorganic particles on the biofilm structure, compressibility, and biofilm stability was studied. 
 
 
1.7 Overview of the experiments performed 












Cultivation media Remarks 
Drip irrigation 
system 
lab-scale Exp. A SynWW1 
Comparison behavior in lab-scale and pilot-
scale drip irrigation systems 
Chapter 2 
pilot-scale Exp. B T-TWW2 
Microfluidic 
devices (MFD) 
MFD operated with 
temperature control box 
Exp. CI T-TWW  
Influence of water quality and daily 
temperature cycle on biofilm formation 
Chapter 3 
Exp. CII S-TWW3 
Exp. CIII 
T-TWW doped with 
nutrients 
MFD operated with 
addition of particles 
Exp. DI 
SynWW + DE / 
MMT4 
Pre-experiment, influence of inorganic 
particles on biofilm formation in MFDs 
Chapter 4 
Exp. DII SynWW + DE 
Influence of different particle concentrations 
on biofilm formation in MFDs 
Flow cell 
Flow cell operated with 
addition of particles 
Exp. E SynWW + DE 
Influence of inorganic particles on biofilm 
mechanical stability and compressibility 
1: SynWW means synthetic wastewater. 
2: T-TWW means tertiary treated wastewater. 
3. S-TWW means secondary treated wastewater. 
4. DE and MMT are diatomaceous earth and montmorillonite, respectively.   






Chapter 2. Fouling mechanisms in drip 
irrigation systems 
Chapter 2 




Drip irrigation is an efficient irrigation technology used worldwide. Water and nutrients are 
delivered in pipes and drip through embedded emitters (drippers) directly to the root zone of 
plants. Drippers are devices of a few centimeters in length consisting of a labyrinth and basin 
compartment (region). Constant discharge rate within a certain water pressure range is 
achieved by the labyrinth region, in which the hydraulic energy dissipates along the zigzag-
like flow path (Dasberg and Or, 1999). 
As the worldwide demand for fresh water keeps increasing, more and more attention is 
paid on water reuse (Schacht et al., 2016). The use of treated wastewater (TWW) in 
agriculture has been propagated in water-scarce regions, e.g. in Middle East, the south of 
Europe, America (Arizona, California) and Australia. In Israel 85 % of domestic TWW is 
reused in agriculture (MFA, 2016). In California, about 37 % of the reused municipal TWW 
was used for agricultural irrigation in 2009 (SWRCB and DWR, 2009; Wu et al., 2014). One 
advantage of combining drip irrigation with TWW over sprinkler or surface irrigation is that 
drip irrigation reduces the risk of exposing agricultural goods and farm workers to pathogens 
(Armon et al., 2002; Forslund et al., 2012; Song et al., 2006). 
However, fouling occurs in the pipes and drippers of the drip irrigation systems, 
especially when TWW is used. Li et al. (2009) showed that by using treated municipal 
wastewater (TWW) for irrigation (high five day biochemical oxygen demand, BOD5), 
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drippers were clogged much more severely compared to ground water (low BOD5) resulting 
in a 26 % lower mean discharge rate. The biofilm formation in the flow channel of the inner 
dripper structure causes gradual drop of the discharge rate until it is totally blocked. Since 
drippers are blocked non-uniformly alone the drip pipe, crop yield reduces due to less and 
uneven water distribution in the field.  
In order to maintain the drip performance, irrigation systems need to be cleaned regularly 
(Christensen et al., 1990; Saravanan et al., 2006). The most common procedurals are using 
disinfectants (e.g. chlorine, H2O2) and acids (e.g. HCl). Katz et al. (2014) investigated 
acidification (with HCl) and chlorine treatment of field trials when TWW was used. Their 
study recommended regular chlorine treatment (daily) and acidification (every 6 weeks) in 
order to maintain the system performance. Since the acidic cleaning agent and disinfection 
by-products increase the ecological and human health risks, the amount of cleaning agent 
should be controlled. 
Till now, researchers often used real TWW to study the fouling behavior of drip irrigation 
systems in order to mimic the real conditions in the field (Oliver et al., 2014; Ravina et al., 
1997; Yan et al., 2010). However, the composition of TWW is complicated which includes 
numerous organic and inorganic pollutants and varies from day to day according to the 
performance of the treatment plant. Studies under controlled lab conditions using synthetic 
wastewater (SynWW) are of research interest to have a concrete evaluation of the fouling 
mechanisms.  
In this work, a lab-scale drip irrigation system (Exp. A) was built in the experimental hall 
of Engler-Bunte-Institut (EBI), KIT in 2014. SynWW mimicking the wastewater quality in 
Israel was used to feed the lab-scale system. In 2015, a pilot-scale drip irrigation system 
(Exp. B) was constructed directly at the wastewater treatment plant, Karlsruhe (Germany). 
Fresh TWW was used in the irrigation system. The objectives are to compare the drip 
performance of the two experiments and evaluate the fouling mechanisms behind.  
 
 
2.2 Materials and methods 
2.2.1 Experimental setup 
Lab-scale drip irrigation system (Exp. A) 
Figure 2-1 depicts the schematic drawing of the lab-scale irrigation system. The experimental 
setup mainly consisted of a substrate tank, a pump and approximately 14 m drip pipe. The 




drip pipe contained 15 Netafim DripNet™ drippers and the initial discharge rate was 1 L/h 
per dripper. In total 6 hours irrigation were applied per day (1 h irrigation + 1 h rest) at 0.5 
bar water pressure at the beginning of the pipe. The mean retention time of water during 
irrigation was 8.6 min.  
The system was inoculated with activated sludge bacteria from wastewater treatment 
plant, Karlsruhe (Germany) for 24 hours. The experiment was then performed for 236 days 
with synthetic wastewater (SynWW, see Table 2-1). 
 
 
Figure 2-1. Lab-scale drip irrigation system (Exp. A). 
 
Chlorine treatment in the Exp. A 
At days 149 and 186, shock chlorine treatment employing sodium hypochlorite (NaOCl) 
were performed (duration = 1.5 h). For shock chlorine treatment, 30 min chlorine treatment 
with high concentration of free chlorine (60 mg/L) was followed by 60 min chlorine treatment 
with low concentration of free chlorine (15 mg/L). Continuous chlorine treatment was 
performed from day 219 to 236 by injecting concentrated sodium hypochlorite solution (≈ 
80 mg/L) for the last 10 min of each irrigation cycle. The resulting free chlorine concentration 
in the pipe near the injection point was ≤ 23 mg/L. 
 
Pilot-scale drip irrigation system (Exp. B) 
A pilot-scale drip irrigation system was set-up at the effluent channel of wastewater treatment 
plant, Karlsruhe (Germany). Due to the installation at the wastewater treatment plant, the drip 
irrigation system was operated under more realistic conditions with respect to the water 
quality, pipe length (e.g. number of drippers) and daily temperature cycle compared to the 
Chapter 2. Fouling mechanisms in drip irrigation systems 
15 
 
lab-scale experiment. Total length of the system was 26 m with 130 Netafim DripNet™ 
drippers at a nominal drip rate of 1 L/h. Fresh tertiary treated wastewater (T-TWW) from the 
treatment plant was pumped to the system totally 6 hours per day (1 h irrigation + 1 h rest) 
at 0.8 bar water pressure at the beginning of the pipe. During irrigation, the mean water 
retention time was 1.8 min. The experiment was performed from 05. Jun. 2015 to 19. Nov. 
2015 for 168 days. The average monthly temperature between June and November 2015 was 
14.3 °C – 29.8 °C, which was higher than the 30-year average monthly temperature (5.4 °C 
– 20.1 °C). The detailed temperature conditions were provided in S 2-1 (Supplementary 
information to Chapter 2). 
 
 




2.2.2 Cultivation medium 
Synthetic wastewater (SynWW) for Exp. A 
SynWW used in the lab-scale drip irrigation system was made of chemicals and drinking 
water from Karlsruhe (Germany) as listed in Table 2-1. In order to have comparable 
experiments as the Israeli project partner which used TWW in their experiment, the amount 
of COD, NH4+, NO3-, PO43-, SO42- , Cl-, Na+, and K+ in the SynWW was formulated according 
to the water quality of the TWW in Israel. The comparison of the SynWW and the wastewater 
quality in Israel is shown in S 2-2 (Supplementary information to Chapter 2).  
 















Treated wastewater (TWW) for Exp. B 
TWW was used in the pilot-scale drip irrigation system (Exp. B). All the TWW was from the 
Karlsruhe municipal wastewater treatment plant (Germany). The treatment plant has now a 
three-stage treatment process: mechanical treatment, activated sludge and trickling filter.  
 
Table 2-2. Characteristics of the tertiary treated wastewater in Exp. B. 







Starting from day 109, concentrated solution containing K2HPO4 and KH2PO4 was dosed 
into the pilot-scale system. The end concentration of ortho-phosphate in the pipe was 1 mg/L. 
The molar ratio between K2HPO4 and KH2PO4 was 7:1. 
 
2.2.3 Quantification of discharge rate 
To compare the performance of both Exp. A (lab-scale) and Exp. B (pilot-scale), the 
discharge rates of both systems were monitored. In Exp. A, the discharge rate of all the 15 
drippers were measured twice per week. For the Exp. B, 13 drippers at the beginning of the 
pipe, 11 drippers in the middle of the pipe and 11 drippers at the end of the pipe were chosen 
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to be monitored. The discharge rate of Exp. B was measured three times per week. Each 
measurement was double-determination. Mean discharge rate and coefficient of variation 
(CV) were calculated. CV is defined as the ratio of standard deviation  to the mean discharge 
rate �̅ (Everitt, 1988): 
   � �  � =  �̅ × % (2-2) 
 
2.2.4 Quantification of fouling material in the drip pipe 
Sampling 
In both experiments, a piece of pipe was cut at the beginning, in the middle and at the end of 
the irrigation pipe on different sampling days for biofilm sampling. A piece of new pipe was 
replaced at these positions so that the length of the irrigation system remained unchanged. 
The biomass was scratched off for analysis of dry matter and organic dry matter. Sampling 
day for Exp. A was on day 87, 148, 149, 181, 186, 213, and 236. Sampling day for Exp. B 
was on day 96, 161, and 165. 
 
Dry matter and organic dry matter 
The dry matter (DM) and organic dry matter (oDM) was measured according to the standard 
method (DIN 38414, 1985). The scraped biofilm samples were first dried at 105 °C till the 
weight was constant. Then the dry biomass was subjected to ignition at 550 °C for 3 h. Both 
DM and oDM were expressed in g/m2 after considering the total surfaces of the substratum 
to quantify the amount of biofilm in the irrigation pipes. 
 
 
2.3 Results and discussion 
Exp. A was performed in the experiment hall using SynWW, which is a combination of 
Karlsruhe drinking water and nutrients containing 13 mg/L COD. Exp. B was performed in 
the wastewater treatment plant Karlsruhe with direct access to fresh tertiary treated 
wastewater (T-TWW) which had an average BOD5 of 6 mg/L and total suspended solids 
(TSS) of less than 10 mg/L. Both systems used the same DripNet™ drip pipe produced by 
NetafimTM (NetafimTM, Ltd., Israel, with a nominal discharge rate of 1 L/h. 
 




2.3.1 Discharge rate of drip irrigation systems 
Figures 2-3 and 2-4 show the relationship between the mean discharge rate and the coefficient 
of variation (CV) in Exp. A and B. CV is calculated as the standard deviation of the discharge 
rate over the mean discharge rate. It indicates the uniformity of the drip irrigation system. 
According to ISO 9621 (2014), drip irrigation systems are considered malfunctioning when 
CV of discharge rates exceeds 7 %. High drip uniformity is important for the farmers to 
automate irrigation and have comparable and expected harvest in the whole field.  
 
 
Figure 2-3. Coefficient of variation (CV) and mean discharge rate in Exp. A (lab-scale 
experiment). The vertical dotted lines indicate the two shock chlorine treatments performed 
on day 149 and day 186. The hatched bar highlights a long-term chlorine treatment starting 
from day 219. The horizontal dotted line indicates a CV of 7 %. The drip irrigation systems 
are supposed to be malfunction when CV exceeds 7 % (ISO, 2014). 
 
Figure 2-3 depicts that with progressing operation of the lab-scale system (Exp. A), the 
mean discharge rate decreased steadily and the CV rose gradually. Already after 40 days of 
operation, the mean discharge rate dropped to 10% – 40% of the initial/nominal discharge 
rate. Figure 2-3 also reveals the recovery of the discharge rate after shock chlorine treatments 
on day 149 and 186 and CV dropped simultaneously. It was observed that the mean discharge 
rate kept increasing for the next 3 – 5 days after shock chlorine treatments. It implies that the 
structure of biofilm might be weaken by chlorine treatment and further detachment occurred 
until all the weakened biomass was flushed away. However, within 20 days after the two 
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shock chlorine treatments, the mean discharge rate reached low points again. The detached 
biomass might become food for the surviving microorganism in the biofilm and the thickness 
reduction may decrease substrate transport limitations into the biofilm layer, therefore, a 
faster re-growth of biofilm can be observed after short chlorine treatments. It is thus 
suggested that flushing treatment should be combined with chlorine treatment to remove all 
the detached biomass from the system. On day 219, continuous chlorine treatment started. 
Consequently, the dripper discharge rate recovered and CV decreased again.  
Figure 2-4 displays the mean discharge rate and CV in the pilot-scale experiment 
(Exp. B). The mean discharge rate remained 1 L/h for 100 days with pure T-TWW before 
the addition of ortho-phosphate on day 109. The CV also maintained to be lower or slightly 
higher than 7 %. After the addition of phosphate, the mean discharge rate remained at 1 L/h 
for two weeks before it gradually went down to 0.6 L/h and kept relative constant between 
0.5 – 0.6 L/h till the end of the experiment. To be mentioned, The PO43--P concentration of 
T-TWW was 0.4 mg/L. After addition of ortho-phosphate, the end concentration of PO43--P 
in the pipe was 1 mg/L. 
 
 
Figure 2-4. Average coefficient of variation (CV) and mean discharge rate in Exp.B (pilot-
scale experiment). The vertical dotted line indicates the beginning of ortho-phosphate dosage. 
The horizontal dotted line indicates a CV of 7 %. 
 
The total nitrogen and PO43--P in the T-TWW was around 10 and 0.4 mg/L, respectively. 
It was supposed that P was a lacking nutrient element for bacteria growing in Exp. B (pilot-




scale). In Israel, it is common in the field to add fertilizers, e.g. N and P, to the drip irrigation 
water and this process is called “fertigation” (Bar-Yosef, 1999). Data gathered in Exp. B 
showed that the mean discharge rate decreased to 50% in two weeks only with the phosphate 
dosage. Although the wastewater quality and climate are different between Germany and 
Israel, it implies that fertigation, which incorporates a combination of different nutrients, will 
definitely accelerate the blockage problem due to rapid biofilm growth and inorganic 
precipitation. Fertigation is an efficient and environment-friendly method, for instance, it 
reduces fertilizer leaching into groundwater (Gärdenäs et al., 2005; Hebbar et al., 2004; Malik 
et al., 1994). Better fertigation procedurals, such as applying different nutrients separately 
should be studied in future.  
Comparing the lab- and pilot-scale experiments, it suggests that using SynWW caused 
an earlier and more severe biofouling problem. Fouling is the undesired deposition of 
material on surfaces (Epstein, 1982). Biofouling refers to the undesirable accumulation of a 
biotic deposit on a surface (Characklis, 1990). Fouling occurring in drip irrigation using 
TWW is mainly due to bacteria growth, accumulation of particles, and inorganic precipitation 
(Dosoretz et al., 2011; Tarchitzky et al., 2013). SynWW contains sufficient nutrients for 
bacteria. COD, N (both NH4+-N and NO3--N) and P of the cultivation medium was 13, 9, and 
2 mg/L. No substrate limitation was assumed except for biofilm formed at the end of the pipe 
which was 15 meter long. On the other hand, the COD and BOD5 of the T-TWW was 28 and 
6 mg/L, respectively. The T-TWW used in this study was treated with a high load activated 
sludge system followed by nitrification in a trickling filter. Therefore, the residual substrate 
in the T-TWW was supposed to be slowly biodegradable compared to raw wastewater and 
acetate. The biofilm formation with T-TWW was thus slower compared to SynWW. 
 
2.3.2 Discharge rate at different positions of the drip irrigation systems  
In both experiments, the irrigation pipes were three times folded and therefore the pipes were 
divided into three sections: “beginning", “middle” and “end”. CV was calculated separately 
for these three sections and is illustrated in Figure 2-5(a) for Exp. A and (b) for Exp. B. It 
clearly shows that CV was higher at the beginning and in the middle of the pipe in Exp. A 
before the chlorine treatment on day 149. Biofilm grew slower at the end of pipe probably 






Figure 2-5. Coefficient of variation (CV) at different sections of the drip pipe in (a) Exp. A and (b) Exp. B. The horizontal dotted lines indicate a CV of 
7 %. The vertical dotted line in Figure 2-5(b) indicates the beginning of ortho-phosphate dosage. 




The distribution of CV in Exp. B was different compared to Exp. A. CV at the end of the 
pipe was most of the time the highest in Exp. B. Only after addition of phosphate, CV at the 
beginning of the pipe increased to above 7 %. This results may be explained by the following 
reasons. First, the T-TWW contains slowly biodegradable nutrients and thus the nutrients 
availability was low in the whole system (also at the beginning of the pipe). Second, there 
were suspended particles in the T-TWW which were flushed to the end of the pipe and 
accumulated there. It thus caused a higher blockage problem there together with a lower shear 
stress at the end of the pope. Duran-Ros et al. (2009) and Ravina et al. (1992) also observed 
a greater blockage of drippers located at the end of the pipes when wastewater was used for 
irrigation. 
The high CV at the end of the pipe before phosphate addition also suggests that 
accumulation of suspended particles played an important role in fouling with TWW. After 
phosphate addition, CV at the beginning and in the middle of the pipe also increased 
indicating a rising problem of biofilm formation in the whole pipe. 
 
2.3.3 Quantification of fouling material  
Dry matter (DM) and organic dry matter (oDM) were measured from the fouling material 
formed inside the drip pipe and are listed in Table 2-3. In lab-scale experiment, the analyses 
of the DM revealed that there was more fouling material at the beginning of the pipe (DM = 
1.1 g/m²) than at the end of the pipe (DM = 0.04 g/m²) after three months (87 days). The 
amount of DM at the beginning of the pipe tripled after another 2 months on day 148 in 
Exp. A. Simultaneously the DM at the end of the pipe was still only 0.03 g/m². The reason 
for more fouling material at the beginning of the pipe in Exp. A was due to the higher nutrient 
availability at the inlet. There were also no particles in the cultivation medium in Exp. A, 
therefore the fouling layer formed in the pipe was bacteria, extracellular polymeric substance 
(EPS) and inorganic precipitations. This complied with the results that there was a high 
organic fraction (oDM/DM > 70 %) in the fouling material at the beginning of the pipe. 
Moreover, the amount of DM at the end of the pipe was very low, therefore the quantification 
of the DM and oDM might lack a certain precision. 
While irrigation with pure T-TWW for 96 days, the DM in Exp. B was around 4 g/m² at 
the beginning and 14.3 g/m² at the end of the pipe, respectively. Biofilm formation was faster 
after continuous addition of phosphate from day 109. Simultaneously, DM increased by 500 
– 800 % after day 109 in two months. Especially at the beginning of the pipe, where 
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phosphate was dosed, DM rose by 8-times. This result is also reflected by the faster increment 
of CV at the beginning of the pipe in Figure 2-5(b) after phosphate addition.  
The percentage of oDM varied between 40 – 50 % along the pipe in Exp. B (Table 2-3). 
Again, addition of phosphate supported biofilm formation and increased the amount of 
organic matter (biomass) – expressed by the oDM – at the beginning of the pipe by up to 10 % 
(from 40 % to 51 %). These findings allow to accept the proposed hypothesis: phosphate was 
the limiting nutrient in the T-TWW produced by wastewater treatment plant, Karlsruhe. The 
high amount of inorganic dry matter in the fouling material also suggests accumulation of 
inorganic particles. 
 
Table 2-3. Dry matter and organic dry matter in the lab-scale Exp. A and pilot-scale 
Exp. B. 
* Low amount of mass which might lack a certain precision. 
Comparing the amount of DM and the mean discharge rate in both Exp. A and B, it is 
observed that higher deposit at the beginning of the pipe in Exp. A and at the end of the pipe 
in Exp. B also resulted in server blockage there. This implies a correlation between the 
amount of fouling material in the pipe and dripper blockage. Higher amount of deposition in 
the pipe indicated higher nutrients availability or particle concentrations at that section, which 
also positively influenced biofilm formation in the near-by drippers. Secondly, the results 














Exp. A, SynWW  
(day 87, discharge rate:0.35 L/h) 
 
1.1 0.04 74 % (29 %)* 
Exp. A, SynWW  
(day 148, discharge rate:0.23 L/h) 
 
3.6 0.03 89 % (71 %)* 
Exp. B, T-TWW 
(day 96, discharge rate:1.07 L/h) 
 
4.1 14.3 40 % 47 % 
Exp. B, T-TWW 
(day 161, discharge rate:0.55 L/h) 
31.7 73.6 51 % 47 % 




blockage in the dripper. It shows that the discharge rate was only 35 % of the nominal 
discharge rate when there was around 0.04 – 1 g/m² biomass in Exp. A (day 87). However, 
the irrigation pipe in Exp. B performed well even with DM that was 1 – 2 orders of magnitude 
higher than that in Exp. A. This result is interesting. Li et al. (2011) reported that one of the 
mechanisms for dripper blockage was accumulation of detached biofilm (from pipe) in the 
drippers. Higher amount of deposition in Exp. B probably caused higher biofilm detachment 
in the pipe, but the drippers were not clogged before the addition of phosphate. This may be 
explained by the composition of the fouling material. The fouling material in Exp. B had a 
higher inorganic fraction (50 – 60 %) compared to Exp. A (20 – 30 %). This suggests that 
the mechanical property of the fouling material in Exp. A and B might be different, which 
had an impact on the degree of dripper blockage. Tarchitzky et al. (2013) also reported that 
the drip performance was better when the fouling material deposited in the drip pipe had 
higher inorganic fraction, which is probably due to the accumulation of inorganic particles.  
However, what happened in the dripper cannot be observed directly, since drippers are 
made of non-transparent material and integrated inside the pipe. Exact quantification of dry 
weight in the dripper is challenging because the width and height of the inner flow path is 
often less than 1 mm. Therefore it was of high interest to find a way to visualize and quantify 
the biofilm accumulation in the dripper structure, as well as to study the influence of 




Drip irrigation utilizing TWW is a practical irrigation method in (semi-) arid regions. From 
this group of experiments, the following is concluded:  
 The fouling behavior and mechanisms in the drip irrigation system using real T-
TWW were different compared to that using SynWW. Due to the organic and inorganic 
particles in the T-TWW in Exp. B (pilot-scale), severe fouling occurred at the end of the pipe 
and the drip performance was the worst there. On the other hand, severe blockage of the 
drippers first occurred at the beginning of the pipe in Exp. A (lab-scale) utilizing SynWW. 
 The amount of fouling material in the pilot-scale system (Exp. B) was 1 – 2 orders 
of magnitude higher compared to that in Exp. A. However, the average discharge rate in 
Exp. B remained the initial value (1 L/h) before addition of phosphate, which was higher than 
that in Exp. A (0.35 L/h). This observation suggests that the high inorganic deposition in 
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Exp. B (50 – 60%), which was probably from the inorganic particles in T-TWW, helped to 
mitigate the dripper blockage. 
 Addition of phosphate in Exp. B increased the organic fouling material in the pipe 
and aggravated the blockage. The discharge rate decreased to 0.5 – 0.6 L/h after phosphate 
addition. This implies that organic fouling material causes more severe blockage than 
inorganic fouling material.   
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The main methods to evaluate the fouling condition in drip irrigation systems rely on 
measuring discharge rates of the drippers and quantifying the amount of fouling material in 
the pipe. Till now, how biofilms form inside the drippers remains unknown. Li et al. (2009) 
and Yan et al. (2010) found that the mean discharge rate of irrigation systems using TWW 
did not change at the beginning of the experiments before it dropped rapidly. However, they 
were not sure what exactly happens in the drippers. Fouling accumulation inside drippers can 
only be accessed after being opened and examined since drippers are integrated inside the 
drip pipes. Moreover, the width and height of the inner flow path is often less than 1 mm, 
which makes an exact quantification of biofilm/fouling deposits challenging and less accurate. 
By applying imaging techniques, the biofilm formed in the dripper could be revealed. 
Former studies using scanning electron microscopy (SEM) showed that the deposit was a 
mixture of bacteria, extracellular polymeric substances (EPS) as well as inorganic particles 
accumulating in the flow path of the dripper (Yan et al., 2009). As a microscopic method, 
SEM detects the local rather than global deposit structure (Wagner et al., 2010). Morgenroth 
and Milferstedt (2009) addressed the importance of biofilm structural properties of the 
mesoscale (millimeter range), especially, when biofilm systems need to be understood more 
in detail, for instance, in aspects of biofilm structure, biofilm function, and mechanisms for 
biofilm development. To date, researchers were not able to monitor the biofilm formation 
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non-invasively at the mesoscale in drip irrigation systems, mainly due to the reason that the 
biofilm structure is destroyed after cutting and opening the dripper. 
To allow for a comprehensive understanding of the fouling development inside drippers, 
3D printed microfluidic devices (MFDs) resembling the internal dripper geometry were used. 
Optical coherence tomography (OCT) was applied to investigate biofilm formation non-
invasively and in-situ over time. Compared to confocal laser scanning microscopy (CLSM), 
which is a conventional technology when it comes to 3D analysis of biofilms, OCT has a 
higher penetration depth (millimeter range), a large imaging area and there is no need for 
staining (Staudt et al., 2004; Wagner et al., 2010). OCT has been proven to be a suitable tool 
to quantify biofilm volume, reveal biofilm structure and access biofilm material properties at 
the mesoscale (Blauert et al., 2015; Derlon et al., 2012; Dreszer et al., 2014; Li et al., 2016; 
West et al., 2016).  
Biofilm formation is directly related to water quality. Capra and Scicolone (2005) studied 
the drip performance with six different treated municipal wastewater (primary and secondary 
treated wastewater). They reported that high TSS, BOD5, and pH are the water characteristics 
best correlated with dripper blockage. In the US and Israel, secondary treated wastewater (S-
TWW) is allowed to be applied as irrigation water. With the spread of tertiary treatment of 
wastewater, the tertiary treated wastewater (T-TWW) is also used in the agriculture (Pollice 
et al., 2004; UNEP, 2005). The influence of T-TWW on dripper blockage need more attention. 
Temperature also has an effect on the growth of microorganisms and biofilm formation 
(Ingraham, 1958; Pirt, 1985; Watanabe and Okada, 1967). Drip irrigation is widely used in 
arid and semi-arid areas where the air temperature is generally high and shows large 
variations between day and night. At air temperatures of 35 – 45 °C, soil or rock surface 
temperatures may reach 50 – 60 °C in arid areas (Qin et al., 2005; Verheye, 2007). Till now, 
studies about drip irrigation were usually conducted in experimental halls at ambient 
temperatures, or directly in the field without temperature control (Li et al., 2009; Liu and 
Huang, 2009; Yan et al., 2010, 2009). Oliver et al. (2014) conducted a drip irrigation 
experiment with controlled water temperature starting from 17 °C and increasing by 1 °C 
every 21 days till 23 °C was reached. Their objective was to mimic medium soil thermal 
variation. Till now, no study has been performed to investigate the fouling formation inside 
drippers at a controlled daily temperature cycle up to 50 °C. 
In Chapter 3, an insulated temperature controlled box was constructed to simulate a daily 
temperature cycle from ambient temperature (20 °C) up to 50 °C. The objectives of the study 
in this Chapter are to (1) observe the biofilm structure and development inside drippers over 




time; (2) determine the biofilm formation rate in dependence on different 
cultivation/irrigation media and temperature conditions; and (3) derive a correlation between 
the detected biofilm volume and the dripper discharge rate. 
  
 
3.2 Materials and methods 
3.2.1 Microfluidic device  
The 3D printed (RCP30 photopolymer, ENVISIONTEC GmbH, Germany) microfluidic 
devices (MFDs) mimic the geometry of Netafim DripNet™ drippers with a nominal 
discharge rate of 1 L/h (Netafim™ Ltd., Israel). The dripper geometry is divided into a 
labyrinth and a basin compartment with a total volume of 44.45 mm³ (Figure 3-1(a)). Water 
from the inlet passes through the zigzag-like labyrinth and emits through the basin 
compartment. Transparent coverslips allowed for the in-situ and non-invasive OCT imaging.  
 
 
Figure 3-1. (a) Schematic drawing of the dripper composed of a labyrinth and basin 
compartment; (b) 3D rendering of the designed microfluidic device. 
 
3.2.2 Cultivation medium 
In this study secondary and tertiary treated wastewater (TWW) from the local wastewater 
treatment plant (Karlsruhe, Germany) was used as cultivation medium. Secondary treated 
wastewater (S-TWW) was collected from clarifiers following the activated sludge process. 
Tertiary treated wastewater (T-TWW) was sampled from the effluent channel after the 
trickling filters and the last stage clarifiers. Both S-TWW and T-TWW were filtered (100 µm 
pore size).  
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Three experiments were conducted. In Experiments CI and CII, T-TWW and S-TWW was 
used, respectively. In Experiment CIII, T-TWW with addition of 12 mg/L COD (sodium 
acetate) and 3 mg/L NH4+-N (NH4Cl) was used to mimic higher loaded wastewaters. Exp. CI, 
CII, and CIII are named in such a sequence that Exp. CI has the best water quality (T-TWW, 
lowest COD) and Exp. CIII has the worst water quality (T-TWW + nutrients, highest COD). 
Detailed water quality parameters are listed in Table 3-1. 
 







(T-TWW + nutrients) 
COD 25.5 34.6 37.8 
NH4+-N 0.3 9.7 3.4 
NO3--N 10.1 0.1 10.1 
PO43--P 0.4 0.7 0.4 
BOD5 6.2 18.5 18.5 
Dissolved oxygen > 3.8 > 2.2 > 1.0 
 
3.2.3 Cultivation condition 
Cultivation medium (see Table 3-1) was pumped to the MFDs through a peristatic pump 
(Ecoline, Ismatec®, Wertheim, Germany) at a flowrate of 1 L/h which corresponds to a mean 
flow velocity of 0.77 m/s within the labyrinth (Reynolds number Re = 462) and of 0.07 m/s 
in the basin. The accurate value of Re and shear stress in the labyrinth and basin shall be 
further assessed by computational fluid dynamics (CFD) simulation. The discharge rates of 
the MFDs were monitored regularly during the experiments. 
The MFDs were either operated at ambient temperature or placed in the custom-made 
temperature controlled box simulating the daily temperature cycle. According to field 
irrigation setups, the pump was operated six hours per day: 9:00-10:00, 11:00-12:00, 13:00-
14:00, 15:00-16:00, 17:00-18:00 and 19:00-20:00. 
 
3.2.4 Daily temperature cycle 
To study the influence of high, changing temperatures on biofilm formation, an insulated 
temperature controlled box was developed to simulate a daily temperature cycle ranging 
between 20 °C (ambient temperature) at 7:00 to 50 °C at 12:00 (noon) and back to 20 °C in 




late afternoon at 18:00. The temperature cycle was implemented according to field 
observations in Israel. MFDs were placed inside the temperature controlled box. The 
cultivation media were stored at ambient temperature outside the box. This represents the 
situation in the field where farmers irrigate with water from large reservoirs. The set 
temperature and actual temperature in the temperature box is shown in Figure 3-2.  
In total, three cultivation media and two temperature settings (ambient temperature + 
daily temperature cycle) were compared, which resulted in six different cultivation 
conditions. Each experimental condition was performed in duplicate.  
 
Figure 3-2. Simulated temperature profile inside the custom-made temperature controlled 
box (a) without MFDs and (b) with two MFDs operated in parallel. The hatched bars indicate 
irrigation periods. Irrigation causes a drop of the temperature. The target temperature is 
reached within the following irrigation break. 
 
3.2.5 Image acquisition 
Three-dimensional OCT datasets were acquired by means of a Thorlabs GANYMEDE I OCT 
(Exp. CII, LSM03 lens) and a GANYMEDE II OCT (Exp. CI and CIII, LSM04 lens; 
Thorlabs GmbH, Lübeck, Germany), respectively. The center wavelength of both OCTs is 
930 nm. With both devices the voxel size in x and y was set to 10 µm. The axial resolution 
in air (voxel size in z direction) of the GANYMEDE I is 2.8 µm and 4.2 µm for the 
GANYMEDE II. 




3.2.6 Image analysis 
Three-dimensional OCT datasets were processed in Fiji (running on ImageJ version 1.50b, 
Schindelin et al. (2012)). Datasets were first converted to 8-bit grayscale images. Huang’s 
method was used to threshold and binarize the dataset (Huang and Wang, 1995). Afterwards, 
the datasets were resliced from top to bottom into image stacks. Regions of interest (labyrinth 
and basin compartment) were selected based on the resliced image stacks. Remaining parts 
were allocated to the background (black). Noise and outliers were removed applying the 
“Find connected regions” plugin of Fiji. 
In order to present a three-dimensional image stack in a two-dimensional way, depth-
coded stacks were created. In those the pixel intensity equals the distance of the particular 
signal to the bottom substratum. 
The binary dataset (three-dimensional) after removing noise and outliers was further used 
to quantify the biofilm volume. An in-house code was used to detect the bulk-biofilm 
interface. The region below the interface was quantified as biofilm. Biofilm development 
was characterized by calculating volumetric coverage ( ) and biofilm formation rate � .  
 
  = �  �  ℎ ×  [%] (3-1)  
 
 . = � , .� . ×  [%] (3-2)  
 
   = � ,  � ×  [%] (3-3)  
 .  and   are the biofilm volumetric coverages in labyrinth and basin 
compartment at day . �  , � ,  , and � ,  are the volumes of biofilm 
inside the flow channel, in the labyrinth as well as basin compartment of the MFD, 
respectively. �  ℎ , � ., and �  are the volumes of the whole flow channel, the 
labyrinth and the basin compartments, respectively. 
The biofilm development was further described by calculating the biofilm formation rate 
according to Equation 3-4.  





 � = + ∆ −∆  [%] (3-4) 
 
where  and + ∆  are the volumetric coverages at day  and day + ∆ .  
Biofilm formation rate, in other words, is the slope of the growth curve. Student’s t-test 




3.3 Results and discussion 
3.3.1 Biofilm development assessed by means of OCT 
The biofilm formation in real drippers cannot be monitored as the dripper is made of non-
transparent plastic and integrated inside the drip pipe. Thus, the biofilm formation was 
observed by means of OCT over a time period of 30 days inside custom-made MFDs. S-
TWW is often used in agriculture in (semi-) arid regions (UNEP, 2005). This section hence 
shows exemplarily the biofilm structure in one MFD fed with S-TWW at ambient 
temperature. Figure 3-3 reveals the biofilm development in the labyrinth from day 2 to day 
28. The presented intensity equals the distance of the detected signal from the bottom of the 
labyrinth compartment (= 0 µm, black). This means that the lighter the color (or the higher 
the intensity), the thicker the biofilm. The maximal height of the labyrinth is 600 µm 
(Figure 3-1). For illustration purposes Figure 3-3 shows biofilm only in the lower half of the 
labyrinth (0 – 300 µm). Figure 3-3(a) illustrates that after two days of cultivation, the initial 
biofilm was sparsely distributed and more biofilm clusters were found near the inlet region. 
At day 6 streamers of up to 0.8 mm in length were present at the sharp edges of the labyrinth 
compartment reaching into the middle of the flow path. Fluid flow can induce formation of 
oscillating streamers (Stewart, 2012). Rusconi et al. (2011) also observed that streamers from 
P. aeruginosa biofilms formed at the edge of a similar zigzag-like microfluidic device. They 
further described that streamer formation is due to the secondary flows at the edges of the 
zigzag-like structures. Streamer formation can also be a strategy for young biofilms to access 
more nutrients from the bulk phase. Taherzadeh et al. (2012) found that oscillating 
filamentous structures enhance mass transfer from substrates and nutrients in the bulk phase 
into the biofilm. Within the present study streamers successively disappeared after day 28 
(Figure 3-3(b)-(d)). Biofilm formed flat structures covering the bottom and walls of the 
Chapter 3. Influence of water quality and daily temperature cycle on biofilm formation 
33 
 
labyrinth as well as under the lid. The changing of the biofilm structure from streamer to 
less/no streamers was also observed by Besemer et al. (2009). They found that streamers, 
which developed in turbulent flow, disappeared as biofilm growth progressed. 
 
Figure 3-3. Depth-coded image showing biofilm formation in the labyrinth compartment at 
days 2, 6, 9 and 28 in Exp. CII (S-TWW) at ambient temperature. The calibration bar equals 
the distance of the detected biofilm signal from the bottom of the labyrinth compartment. The 
height of the labyrinth is 600 µm and this image shows only the lower half (300 µm above 
the labyrinth bottom). The circle in Figure 3-3(b) indicates streamers and the circles in Figure 
3-3(d) shows that biofilm was more abundant at these corners. 
 
 
The numbers given in Figure 3-3 are the volumetric coverage of the biofilm in the 
labyrinth compartment. The volumetric coverage gradually increased during the 
experimental period. It can be seen that approximately a quarter of the labyrinth compartment 
was covered with biofilm at day 28 (Figure 3-3(d)). Due to the balance between biofilm 
growth and detachment (as a function of cohesive strength and shear stress) a preferential 
flow path between the edges of the labyrinth developed.  
Figure 3-3(d) also shows that biofilm was more abundant at the corners where the shear 
stress was lower (indicated by the circles). The shear stress and fluid dynamics in a similar 
labyrinth structure was simulated by Wei et al. (2006) and Al-Muhammad et al. (2016). They 
report that, the flow in the labyrinth-channel consisted of a main flow of high velocity and 
vortex zones with comparably low velocities as depicted in Figure 3-4. Boyle and Lappin-
Scott (2007, 2006) found that the flow magnitude affects the initial distribution of bacterial 
cells on glass surfaces and the attachment rate decreases as the Reynolds number (Re) 
increases from 96 to 2200. These studies support results from this study (Re = 462 in the 




labyrinth), that bacteria and particles from the cultivation medium had a higher chance to 
attach to the wall in the vortex regions compared to the section of main flow. The labyrinth 
compartment in the dripper is designed to reduce the water pressure from the inlet. The 
vortices generated at the corners of the labyrinth dissipate partly this energy and assure a 
constant discharge rate. However, the labyrinth structure hence increases the organic and 
inorganic deposition at these corners. 
 
 
Figure 3-4. Illustration of the flow streamline in the labyrinth compartment of drippers. Flow 
enters from the right. Arrows indicate the vortices in the corners of the labyrinth. Adapted 
from Al-Muhammad et al. (2016). 
 
Figure 3-5 shows how biofilm accumulated in the whole MFD until day 9 (Exp. CII, 
ambient temperature). The circle shows that more biofilm was formed at the region where 
shear stress is supposed to be low in the basin compartment. Compared to the labyrinth 
compartment, the biofilm had a lower volumetric coverage in the basin compartment (see 
numbers in Figure 3-5). A lower volumetric coverage in the basin compartment was also 
detected for other MFDs at different days (images not shown). This suggests that the basin 
compartment is less prone to blockage and the biofilm formation in the labyrinth 
compartment is more crucial to the drip performance.  




Figure 3-5. (a) Biofilm accumulation in the whole dripper geometry at day 9 of Exp. CII at 
ambient temperature; and (b) cross section of the MFD. The calibration bar shows the 
distance from the substratum of the basin compartment. The circle marks where biofilm was 
more abundant. 
 
3.3.2 Influence of water quality and temperature regime on biofilm 
formation 
Here the biofilm development in the whole MFD under T-TWW (Exp. CI), S-TWW (Exp. 
CII), and T-TWW doped with nutrients (Exp. CIII) (Table 3-1) was compared at ambient 
(const.) and varying temperatures (Figure 3-2). Results are summarized in Figure 3-6. Except 
for Exp. CIII (Figure 3-6(a)), biofilm formation was slow and showed a linear increase. 
Therefore, for simplification purposes, each experiment was linearly fitted to interpret the 
slope as biofilm formation rate ( � ) in %/d biofilm. The linear fits were forced to pass 
through the origin, because at day 0 the coverage was zero. 
 
Ambient temperature 
Figure 3-6(a) shows that the biofilm formation rate was the highest in Exp. CIII (1.37 %/d) 
when additional easily degradable organic carbon sources and ammonium were added to the 
T-TWW. As expected biofilm grew slower on treated wastewater in Exp. CI (T-TWW) and 
CII (S-TWW). The biofilm formation rate using S-TWW (Exp. CII) was 0.46 %/d, namely 
only one third of that from T-TWW doped with nutrients (Exp. CIII). Although the BOD5 in 
Exp. CII and CIII was similar, it seems that the BOD5 from S-TWW was not completely 
comparable to sodium acetate. The Monod equation is typically used to describe biomass 
formation (Monod, 1949). 




 � = � �+ � (3-5) 
where � is the specific growth rate of the microorganisms. �  is the maximum specific 
growth rate. � is the concentration of the limiting substrate for growth.  is the half-velocity 
constant in the Monod equation and describes the substrate concentration at which the 
specific growth rate of the microorganisms is half of the maximum growth rate. The  value 
for the growth of biomass with (untreated) wastewater is between 10 to 
40 mg  biodegradable soluble COD/L (Metcalf & Eddy Inc., 2003).  values of less than 1 
mg/L have been measured for easily degradable substances (Bielefeldt and Stensel, 1999). 
Thus, microorganisms can grow at the same rate if they are fed either with low COD 
concentrations of easily degradable substances or high COD concentrations of less easily 
degradable substances. The  value of TWW in this study was assumed to be higher than 
untreated wastewater, and therefore the biofilm formation rate with S-TWW (Exp. CII) was 
lower compared to that of T-TWW + nutrients (Exp. CIII). Although the formation rate was 
only one third when cultivated with S-TWW compared to with T-TWW + nutrients at 
ambient temperature, there is no significant difference (p > 0.05) between these two 
cultivation media probably due to the low number of replicates (n = 2) and high standard 
deviation for the cultivation with T-TWW + nutrients (Figure 3-6(a)).  
 
Figure 3-6. Biofilm volumetric coverage in the whole MFD at (a) ambient temperature 
(20 °C) and (b) when the MFDs were exposed to the daily temperature cycle of 20 – 50 °C. 
Error bars represent standard error of the mean (n = 2).  
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The biofilm formation rate of pure T-TWW (Exp. CI) was evaluated to be 0.07 %/d. It is 
significantly different from the other two cultivation media at ambient temperature (p < 0.05). 
The low formation rate here is mainly due to the assumed high  and low BOD5 value of T-
TWW (Table 3-1). Furthermore, 97 % of the nitrogen source in the T-TWW was nitrate. The 
bacteria in Exp. CI (T-TWW) had to use nitrate as nitrogen source, which has to be reduced 
before incorporation and thus might not be the preferential nitrogen source for bacteria 
(Gerardi, 2006).  
 
Daily temperature cycle 
Figure 3-6(b) quantifies the biofilm development in the temperature controlled box. 
Compared to biofilm cultivated at ambient temperature, the biofilm grew significantly slower 
when exposed to the daily temperature cycle up to 50 °C when fed with S-TWW and T-TWW 
+ nutrients (p < 0.05). Formation rates for T-TWW at both temperature conditions were low 
and cannot be statistically distinguished (p > 0.05). Unlike biofilm formation at ambient 
temperature, different cultivation media (S-TWW, T-TWW, and T-TWW + nutrients) did 
not cause significant differences in the determined biofilm formation rates under the daily 
temperature cycle (p > 0.05). The biofilm formation rate was only 0.06-0.15 %/d independent 
of the cultivation medium used. Even in Exp. CIII, biofilm did not grow faster with addition 
of acetate and ammonium.  
As reported by various groups, growth of bacteria is inhibited above a certain (optimum) 
temperature range (Ingraham, 1958; Pirt, 1985; Trinci, 1969). Microorganisms in wastewater 
treatment plants in Germany are usually adapted to temperatures around 20 to 30 °C. When 
the temperature exceeds 45 °C, enzymes can be deactivated which has a detrimental effect 
on bacterial growth. Rogers et al. (1994) studied the biofilm formation at 20 °C, 40 °C, 50 °C 
and 60 °C using sludge from the bottom of a calorifier. They found that at 20 °C, the biofilm 
was comprised of a diverse mixture of gram-negative bacteria, actinomycetes, fungi, and 
protozoa, but the diversity of the biofilm community was greatly reduced at 50 °C with only 
a few pseudomonads and Aspergillus fumigate left. The diversity was even lower at 60 °C. 
In comparison with the studies focusing on biofilm formation at constant temperatures 
(Farhat et al., 2016; Rogers et al., 1994), this study investigated the influence of daily 
temperature cycle ranging between 20 °C and 50 °C (Figure 3-2). The results indicate that 
such changing temperatures negatively influenced biofilm growth. 
In the field, the treated wastewater used for irrigation in (semi-)arid areas is stored in 
large reservoirs. Due to the high heat capacity of water, the temperature of water in the 




reservoir is lower than the air temperature. It is assumed that the bacteria from the stored 
treated wastewater are not adapted to high temperatures. Our results thus suggest that high 
temperatures in the field under real operation conditions might reduce or delay the biofilm 
formation in the drippers.  
Furthermore, there are other mechanisms causing fouling in real drip irrigation systems 
except for biofilm formation, such as particle settlement due to high TSS concentration in the 
TWW and inorganic precipitation (Tarchitzky et al., 2013). Further experiments are needed 
to test the influence of daily temperature cycle on fouling in more complex systems. 
 
3.3.3 Biofilm formation in the labyrinth and basin compartments 
Section 3.3.2 discussed biofilm formation in the whole MFD at two different temperature 
conditions. In 3.3.3, the biofilm development in the labyrinth and basin compartments of the 
MFD was compared between Exp. CI, CII and CIII. Since the biofilm grew slowly when 
exposed to the daily temperature cycle, only results from ambient temperature experiments 
are shown. Figure 3-7 presents the biofilm formation rate determined for biofilm growing in 
the labyrinth and the basin, respectively. Table 3-2 summarizes the biofilm formation rates 
( �). With respect to the two different parts of the dripper, the labyrinth compartment was 
fouled more rapidly compared to the basin compartment in all the experiments. In Exp. CIII 
approximately 80 % of the labyrinth was covered with biofilm after 30 days of biofilm 
cultivation, whereas only around 50 % of the basin compartment was covered.  
The higher biofilm formation rate in the labyrinth compared to the basin compartment is 
firstly due to the surface-to-volume ratio. The surface-to-volume ratio in the zigzag-like 
labyrinth compartment is 2.2 times higher than that of the basin compartment. Since biofilm 
starts to grow from the substratum towards the bulk phase, the volumetric coverage in the 
labyrinth increased faster. Results of Exp. CII and CIII reveal that the biofilm formation rate 
in the labyrinth was also approximately 2.0 – 2.4 times higher than that in the basin 
compartment (Figure 3-7). This suggests that the average biofilm thickness (on the bottom, 
top, and side walls) increased roughly at the same rate in both labyrinth and basin 
compartments in Exp. CII and CIII. The largest difference between the biofilm formation 
rates in the labyrinth and basin compartments was observed in Exp. CI (Figure 3-7). However, 
the biofilm volumetric coverage in the basin compartment of Exp. CI was only around 1 % 
at day 30 (Figure 3-7(b)), which makes it very sensitive for the calculation of such a ratio 
(e.g. over-/underestimation of signals).  




Figure 3-7. Development of the biofilm volumetric coverage in (a) the labyrinth and (b) 
basin compartment at ambient temperature in Exp. CI, CII, and CIII (n = 2). 
 










Ambient temperature    
Exp. CI (T-TWW) 0.07 0.29 0.04 
Exp. CII (S-TWW) 0.46 0.89 0.37 
Exp. CIII (T-TWW + nutrients) 1.37 2.36 1.19 
Daily temperature cycle    
Exp. CI (T-TWW) 0.06 -- -- 
Exp. CII (S-TWW) 0.15 -- -- 
Exp. CIII (T-TWW + nutrients) 0.09 -- -- 
 
Moreover, the hydrodynamic conditions are different in labyrinth and basin 
compartments which affects biofilm development. High shear stress in the labyrinth can 
provide microorganisms a thinner concentration boundary layer and thus a better substrate 
availability. But it doesn’t assist the initial bacterial attachment and can cause more biofilm 
detachment (Boyle and Lappin-Scott, 2007). Further studies concerning the hydrodynamic 




conditions in the MFDs covered with biofilm will help to better understand the biofilm 
formation in this dripper geometry. 
 
3.3.4 Biofilm volumetric coverage and discharge rate 
The amount of biofilm inside a dripper is defining its functionality. As explained in the last 
paragraphs, biofilms form and accumulate faster in the labyrinth compartment of a dripper. 
Thus, Figure 3-8 illustrates the correlation between the volumetric coverage in the labyrinth 
compartment and discharge rate. Results show that the discharge rate was not influenced until 
the volumetric coverage reached 60 % in this experimental configuration. And a further 
increasing coverage to 80 % reduced the discharge rate by 50 %. Thus, it is shown that the 
investigated dripper geometry tolerates a certain coverage by biofilm before failure of the 
MFD/dripper occurs, according to this experiment.  
A more detailed view into the labyrinth of the MFD during Exp. CIII is presented in 
Figure 3-9. Exp CIII was chosen, because biofilm volumetric coverages in Exp. CI and CII 
were not higher than 30 % after 30 days. The MFD from Exp. CIII still allowed for a 
discharge rate of 1 L/h although the volumetric coverage in the labyrinth compartment was 
already 57 % at day 15 (Figure 3-9(a)). In Figure 3-9(a) it can be seen that the biofilm spread 
at the walls of the labyrinth section. It also reveals a main flow channel in the center between 
the edges which allowed water to flow through. At volumetric coverages higher than 60 %, 
the peristaltic pump was no longer able to keep the discharge rate of 1 L/h. Figure 3-9(b) 
shows the biofilm formation at day 30 in Exp. CIII. Within additional 15 days of cultivation, 
the volumetric coverage reached 77 %. Simultaneously the discharge rate dropped below 50 % 
of the nominal discharge rate (Figure 3-8).  
The reduced discharge rate can be explained by Darcy–Weisbach equation, which 
describes the pressure loss in a uniform cylindrical pipe. In Darcy–Weisbach equation, the 
pressure loss is proportional to the square of the flow velocity. In this study, biofilm in the 
flow channel reduced the cross-section area and increased the flow velocity, which leaded to 
increasing pressure drop. If the pressure drop was higher than what the pump could deliver, 
the discharge rate of the MFDs decreased. More information about the hydrodynamics, for 
instance pressure drop and flow field, could be revealed by performing CFD simulations, 
which use the OCT datasets as structural templates (Li et al., 2015). 




Figure 3-8. Correlation between the biofilm volumetric coverage of the labyrinth 
compartment of the MFDs and normalized discharge rate. 
 
 
Figure 3-9. Biofilm accumulation in the labyrinth compartment on (a) day 15 and (b) day 30 
during Exp. CIII. 
 
Li et al. (2009) studied the fouling behavior of similar drip pipes (nominal discharge 
1 L/h) irrigating with domestic S-TWW. It was observed that the mean discharge rate did not 
change for 20 days, but dropped rapidly afterwards. They suggested that the biofilm 
formation was quite slow at the beginning and increased quickly once a thin biofilm formed 
in the dripper. In this study it is shown that the biofilm formation rate is steady before the 
actual blockage happens. It is found that the discharge rate of 1 L/h did not change at a certain 
water pressure as long as the main flow path was not totally blocked. The experimental results 
suggest, that other methods to determine the biofilm formation/accumulation inside drippers 
(e.g. macroscopic discharge measurements) may underestimate the amount of biofilm. These 
results further imply that it is not necessarily needed to remove all biofilm in the drippers. 
The amount of cleaning agent(s) and number of cleaning procedures is sufficient, when a 




biofilm coverage of 50% is not exceeded. Field experiments using real drip irrigation systems 




In Chapter 3, 3D printed microfluidic devices (MFDs) were used to mimic the inner dripper 
geometry and OCT was applied to follow biofilm formation inside the MFDs in-situ and non-
invasively. Three different cultivation media and two different temperature settings (ambient 
and daily temperature cycle) were applied to quantify the effects on the biofilm formation 
inside the MFDs. The achieved results justify the following conclusions: 
 At ambient temperature, the biofilm formation rate inside drippers depended on 
nutrient availability. The biofilm formation rate was highest when acetate as an easily 
biodegradable substrate was added to the T-TWW used for irrigation. Second fast biofilm 
development was observed when S-TWW was used. Biofilm development with pure T-
TWW was the slowest.  
 At ambient temperature the biofilm volume in the labyrinth compartment increased 
more rapidly compared to the basin compartment. Blockage/Failure of the MFDs were 
mainly due to the blockage in the labyrinth compartment.  
 In the labyrinth compartment, biofilm growth typically started at the edges of the 
flow channel and slowly move towards the regions with less shear. Biofilm coverage in the 
labyrinth of up to 60 % did not reduce the discharge rate, whereas further increasing coverage 
to 80 % reduced the discharge rate by 50 % in this study.  
 Temperature cycles (ranging between 20 and 50 °C) have a negative impact on 
biofilm formation. Higher temperature keeps growth of non-adapted bacteria (mesophile) 
under control. Compared to experiments at ambient temperature (20 °C), the biofilm 
formation rate for T-TWW with additional carbon source decreased from 1.37 %/d to 
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Treated wastewater (TWW) is often used in arid and semi-arid regions together with drip 
irrigation. The lab- and pilot-scale drip irrigation systems (Exp. A and B) described in 
Chapter 2 showed that the blockage problem of drip irrigation systems was less pronounced 
when cultivated with tertiary treated wastewater (T-TWW), compared to synthetic 
wastewater (SynWW). However, there was more biomass accumulation, especially inorganic 
accumulation, in the pipe when T-TWW was used. It seems that inorganic particles from the 
T-TWW helped to mitigate the fouling problem. Tarchitzky et al. (2013) found that the drip 
performance was better when the fouling material deposited in the drip pipe had higher 
inorganic fraction, which is probably due to the accumulation of inorganic particles. The 
knowledge gap of how inorganic particles influence biofilm development, limits the 
understanding of biofilm formation in drip irrigation systems utilizing TWW. 
A lot of research has been done to study the interaction between inorganic particles and 
bacteria. It is reported that inorganic particles provide a better environment for the bacteria 
compared to bulk liquid, because particles can shield bacteria from UV and predators 
(Decamp and Warren, 2000; Walters et al., 2013; Wright et al., 1995). Furthermore, inorganic 
particles provide substantial surface areas for the adsorption of natural organic matter and 
soluble organic compounds, which are additional nutrients for attached bacteria. It is reported 
that smectite clays enhance the biofilm formation by microorganisms (Alimova et al., 2007).  




Particle transportation on the biofilm surface depends on physical mechanisms such as 
viscous drag force, gravity, Brownian diffusion, electrostatic force, shear induced dispersion, 
etc. (Nywening and Zhou, 2009; Tsuda et al., 2013; Wiesner et al., 2005). de Kreuk et al. 
(2010) used particulate starch to feed an aerobic granule reactor and observed the attachment 
of particulate starch (dp0.9 < 100 µm) on granules (biofilm) surface. The aerobic granules was 
observed to be filamentous and irregular compared to granules fed with soluble substrates, 
probably due to the low hydrolysis rates of particulate starch.  
Most of the particles in the TWW were observed to be < 100 µm (Rickert and Hunter, 
1971). However, factors which influence particle adhesion to biofilm were only evaluated 
for micron or sub-micron particles. The adhesion of particles on biofilm surface depends on 
surface properties of both biofilms and particles, as well as the solution (cultivation medium) 
chemistry. Paris et al. (2009) reported that biofilm age (i.e. bacterial density and biofilm 
properties) and convective-diffusion were found to govern particle accumulation 
(polystyrene particles, diameter = 0.5 µm). It was reported that older biofilms and higher wall 
shear stresses both increased the velocity and the amount of particle deposition on the biofilm. 
Shen et al. (2015) used computational fluid dynamics (CFD) to reveal the role of 
hydrodynamics created by surface roughness on particle adhesion (diameter = 2 µm). They 
found that the interception of particles with biofilm was enhanced by rough biofilm surfaces.  
Application of inorganic particles on membrane surfaces has been studied and may throw 
light on biofilm formation with particles on solid surface, which hasn’t been well investigated. 
Chomiak et al. (2014) reported that diatomaceous earth at a concentration of 300 mg/L 
increased biofilm heterogeneity and enhanced permeate flux in the ultrafiltration. In 
membrane bioreactors, the sludge filtration performance was improved by adding adsorbent 
fine particles, such as activated carbon, or colloidal particles (latex or melamine beads) 
(Lesage et al., 2008; Loulergue et al., 2014; Remy et al., 2010; Teychene et al., 2011). 
Compared to biofilm formation and particle deposition on solid substratum, the biocake 
formed in membrane filtration is built up additionally under permeation/viscous drag force.  
In this study, biofilms were cultivated at TSS concentrations of 0, 10, 30 and 60 mg/L 
with synthetic wastewater (SynWW). With the in-situ observation by means of OCT, the 
biofilm formation inside the dripper geometry was monitored and quantified. The objectives 
of the study are to (1) investigate the impact of inorganic particles on biofilm development 
in MFDs mimicking dripper geometry; (2) study the influence of inorganic particles on 
biofilm compressibility and stability; (3) test the efficiency of cleaning strategies such as 
flushing and chlorine treatment + flushing.  
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4.2 Materials and methods 
4.2.1 Cultivation medium 
SynWW was used in Exp. DI, DII (MFD experiments) and Exp. E (Flow cell experiments). 
The composition of the SynWW was similar compared to that for the lab-scale drip irrigation 
system (Exp. A in Chapter 2), which mimics the wastewater quality in Israel. The difference 
is that all the chemical concentrations in the Exp. DI, DII, and E were 1.5 times higher than 
that in Exp. A. The intention was to reduce the biofilm cultivation time and enable more 
repetitions of experiments. The COD, NH4+-N and PO43--P in the cultivation media of Exp. 
DI and DII were 19.5, 6.8, and 3.3 mg/L, respectively. 
 











Inorganic particles including montmorillonite (MMT, naturally occurring mineral, Alfa 
Aesar, Germany) and diatomaceous earth (DE, Celite® 22139, slightly calcined, Sigma-
Aldrich, USA ) were doped into the SynWW to have an end concentration of 0, 10, 30, and 
60 mg/L. The particle size distribution of both particles were measured with a particle 
analyzer (Retsch Technology CAMSIZER XT, Haan, Germany). The median particle sizes 
of DE and MMT were 36.5 µm and 12.1 µm, respectively.  
In Exp. DI, the effect of two different particles (DE and MMT) and particle 
concentrations (30 and 60 mg/L) were screened and each concentration had one replicate. 
Based on the results from Exp. DI, Exp. DII focused only on DE particles with concentrations 
of 10, 30, and 60 mg/L. In Exp. DII, the experiments with DE concentrations of 0, 10, and 
30 mg/L had triplicates and there were only duplicates for DE concentration of 60 mg/L. All 
the experiments were listed Table 4-3 on page 55. 
 




4.2.2 Biofilm formation with particles in microfluidic device 
The MFDs used in this study were the same as in Exp. C in Chapter 3. The MFDs mimicked 
the geometry of Netafim DripNet™ drippers (NetafimTM Ltd., Israel) and were 3D printed 
(RCP30 photopolymer, ENVISIONTEC GmbH). The flow channel of the MFD is divided 
into a labyrinth and a basin compartment with a total volume of 44.45 mm³ (Figure 4-1 (a)). 
Water from the inlet passes through the zigzag-like labyrinth and emits through the basin 




Figure 4-1. (a) Schematic drawing of the dripper composed of a labyrinth and basin 
compartment; (b) 3D rendering of the designed microfluidic device. 
 
Inoculation 
Activated sludge from the Karlsruhe wastewater treatment plant was used for all inoculations 
of the experiments using SynWW. The activated sludge was always freshly taken and filtered 
with paper filters (12 – 15 µm pore size). Approximately 200 mL clear and filtered sludge 
was added to 5 L SynWW and recirculated at 1 L/h for 24 hours, before the cultivation media 
was refilled.   
 
Cultivation condition 
Cultivation media was first pumped into a piece of irrigation pipe (30 cm, no drippers) and 
then to the MFD at a flowrate of 1 L/h via a peristaltic pump (Figure 4-2). Therefore the 
whole setup mimics a drip irrigation system with one dripper. To maintain a constant TSS 
concentration in the medium tank, the system was in flow-through mode. Every day the pump 
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was operated for 6 hours (1 h operation + 1 h rest). The peristaltic pump could withstand 1 
bar back pressure with the pipe material used. 
The biofilm development in the MFDs were monitored by means of OCT. The biofilm 
formed in the irrigation pipe (Figure 4-2) was observed by confocal laser scanning 
microscopy (CLSM) and scanning electron microscopy (SEM).  
 
 
Figure 4-2. Schematic drawing of the MFDs operated with addition of inorganic particles in 
the cultivation medium. 
 
Flushing experiment 
In order to investigate the stability of the cultivated biofilms, flushing experiments were 
performed in the Exp. DII (only DE particles were added to the cultivation media). Biofilm 
detachment was forced by increasing the flowrate to 2.0 L/h, then to 3.0 L/h, and finally to 
4 L/h. The Reynolds numbers of these three flowrates were calculated to be 924, 1386 and 
1848, respectively. And the wall shear stress was calculated to be between 15.5 Pa (2 L/h) 
and 31 Pa (4 L/h). Each flowrate was kept constant for 15 min and each flushing experiment 
lasted for 45 min totally (Figure 4-3). Three-dimensional OCT datasets were taken after each 
step of 15 min treatment. 
The flushing experiment was performed on day 13 and day 29 in MFDs cultivated with 
0, 10 and 30 mg/L DE. One MFD out of the triplicates in each TSS concentration was used 
for this flushing experiment. These MFDs were not taken into account of the calculation of 
biofilm formation rates. The biofilm development in the other two MFDs (out of the 
triplicates, no flushing) was used to illustrate the biofilm formation over time. The flushing 
experiment for MFDs cultivated with 60 mg/L DE was performed on day 21 with both MFDs 
(duplicates). Table 4-3 in section 4-7 (page 55) summarized the experiments performed in 
Chapter 4. 





Figure 4-3. Scheme of the flushing experiment. 
 
Chlorine treatment and flushing experiment 
Additional experiments using a chlorine treatment and flushing were performed in Exp. DII. 
Biofilms in the MFDs were first treated with sodium hypochlorite (free chlorine = 50 mg/L) 
for 1 hour to investigate the effect of hypochlorite on biofilm removal. The biofilm was then 
treated with increasing flowrate step by step as described above in the “Flushing experiment” 
(Figure 4-3). Three-dimensional OCT images were acquired after 1 hour chlorine treatment 
and 45 min flushing experiment.  
The chlorine treatment + flushing experiments were performed on day 29. For TSS 
concentrations of 0, 10, and 30 mg/L (triplicates), the two replicates without previous 
flushing experiments were used to perform the chlorine treatment + flushing experiments. 
For TSS concentration of 60 mg/L (duplicates), this experiment was carried out in both 
replicates, which were used in the flushing experiment on day 21. The overview of the 
experiments are listed in Table 4-3 on page 55. 
 
4.2.3 Biofilm compressibility 
Due to its complex geometry and hydrodynamic conditions within the MFDs, it is difficult 
to study the biofilm mechanical property. To simplify the problem, straight flow cells were 
used to study the mechanical properties of biofilm when cultivated with DE concentrations 
of 0, 10, 30, and 60 mg/L.  




Biofilms were cultivated in straight flow cells (flow channel: 2 mm × 1 mm × 160 mm) for 
20 – 27 days. The system was inoculated with activated sludge bacteria from Karlsruhe 
wastewater treatment plant, Germany. SynWW dosed with 0, 10, 30, or 60 mg/L DE particles 
was used as the cultivation medium. The experimental setup was the same as in Exp. D 
(Figure 4-2), except for replacing the MFDs with flow cells. The flowrate was 1 L/h and the 
Reynolds number was 208 in the flow cell. This Reynolds number was approximately half 
of that in the labyrinth of the MFDs. 
 
 
Figure 4-4. Schematic drawing of the flow cell. Channel width and height equals 2 mm and 
1 mm, respectively (Blauert et al., 2015).  
 
 
Shear stress induced biofilm deformation experiment 
The biofilm formation in the above mentioned flow cells was monitored over time. When the 
mean biofilm thickness was > 100 µm, the shear stress induced experiment was performed. 
For each flow cell, only one stress induced experiment was carried out. 
During the shear stress induced experiment, the wall shear stress of the flow cell was 
elevated from 0 Pa to 3.6 Pa in 9 steps and then back to 0 Pa step by step. The Reynolds 
number ranged from 0 (shear stress = 0 Pa) and 1066 (shear stress = 3.6 Pa). Each shear stress 
was held for 2 min and three-dimensional OCT images were taken in each step (Figure 4-5). 
To be more specific, OCT images were taken 1 min after the shear stress increased. The 
biofilm was supposed to be adapted to the new wall shear stress after 30 seconds (Blauert et 
al., 2015). 






The wall shear stress was calculated according to Blauert et al. (2015): 
 � = 4� ℎ  [��] (4-1) 
where �  is the wall shear stress; � is the dynamic viscosity of water;  is the maximal 
flow velocity in the flow cell and ℎ is the hydraulic diameter. It needs to be mentioned, that 
the wall shear stress � was approximated assuming an ideal and fully developed laminar 
flow between two infinite parallel plates. Therefore, �  does not capture local disturbances 
of the fluid flow by the biofilm structure and movement of the biofilm itself. However, it is 
still the best evaluation of the stress acting on the biofilm structure which can be measured 




Figure 4-5. Illustration of the process of the shear stress induced deformation/detachment 
experiment. 
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4.2.4 Image acquisition (OCT) 
The three-dimensional image acquisition in this chapter is similar to that in Chapter 3, section 
3.2.5. In short, a Thorlabs GANYMEDE I OCT (LSM03 lens) and a GANYMEDE II OCT 
(LSM04 lens; Thorlabs GmbH, Lübeck, Germany) were used to acquire three-dimensional 
OCT datasets. The center wavelength of both OCTs is 930 nm. The axial resolution in air 
(voxel size in z direction) of the GANYMEDE I is 2.8 µm and 4.2 µm for the GANYMEDE 
II. The imaging regions and voxel sizes in x and y directions are listed in Table 4-2.  
 
Table 4-2. Imaging settings in Exp. DI, Exp. DII, and Exp. E. 
 
Imaging region 
(width × length × height) 
Voxel sizes in x and y 
direction 
Exp. DI and DII (MFDs) 16.8 mm × 6.8 mm × 1.2mm 10 µm 
Exp. E (flow cell) 2 mm × 2 mm × 1 mm 4 µm 
 
 
4.2.5 Image analysis (OCT) 
Quantifying biofilms in MFDs 
The image analysis of the images taken from MFDs are similar compared to that in Chapter 
2. All the OCT datasets were processed in Fiji (running on ImageJ version 1.50b, Schindelin 
et al. (2012)). The imaging process is illustrated in Figure 4-6. 
 





Figure 4-6. Overview of OCT data process of biofilms in MFDs and flow cells. 
 
 
Quantifying biofilms in flow cells 
The image analysis for biofilms in flow cells was similar compared to in MFDs, except that 
mean biofilm thickness and biofilm porosity were additional quantified. 
Mean biofilm thickness 
Calculation of mean biofilm thickness ̅  was based on the 2D maximum intensity 
projections of the depth-coded stacks (Figure 4-6). The pixel intensity in the 2D maximum 
intensity projection equals the distance of the particular pixel to the bottom/substratum of the 
flow cell, therefore, it equals to the biofilm thickness from the bottom. Only biofilm formed 
in the center of the flow channel (0.8 mm × 2 mm) was accounted for thickness calculation 
(Figure 4-7). 
 
 ̅ =  × ∑ ∑ , ,=  [µ ]=  (4-2) 
where ̅  is the mean biofilm thickness.  and  are the number of pixels in x and y directions. 
, ,  is the biofilm thickness at position ( , ). 
 




The porosity used in this study was based on the image analysis of OCT datasets. As shown 
in Figure 4-6, the bulk/biofilm interface was detected by an in-house code. The region below 
the interface was quantified as biofilm (including pores), and the voids (black pixels) in the 
biofilm were recognized as pores in this work. Biofilm porosity (Φ) was calculated as the 
ratio between the total volume of voids (� ) and biofilm volume (� ). 
 
 
Figure 4-7. Illustration of the region used for calculation of biofilm thickness. 
 
4.2.6 CLSM 
CLSM was used to observe the biofilms formed in the inner wall of the irrigation pipes in 
Exp. DI. The CLSM image stacks were acquired using a Zeiss LSM700 confocal laser 
scanning microscope (Carl Zeiss MicroImaging GmbH, Jena, Germany). EPS 
glycoconjugates were stained with Aleuria aurantia lectin (AAL) Fluorescein isothiocyanate 
(FITC) (LINARIS Biologische Produkte GmbH, Gemany) and nucleic acids were stained 
with SYTO60 (ThermoFisher) according to the protocol described by (Lawrence and Neu, 
1999). A water immersible lens (40× magnification, Objective W Plan-Apochromat 40×/1.0 
DIC, Zeiss, Germany) was used to investigate the biofilm structure.  
 
 Φ = ��  ×  [%] (4-3) 





Biofilms formed at the inner wall of the irrigation pipes (Exp. DI) were visualized by SEM 
using a FEI model Quanta FEG 650 instrument. The irrigation pipes were cut into small 
pieces and freeze-dried. 
 
4.2.8 An experimental overview in Chapter 4. 
In order to assist the reader, an overview of the experiments conducted in Chapter 4 provided 
in Table 4-3.  
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Exp. DI      
0 mg/L 0 mg/L 1   
CLSM/ 
SEM 
30 mg/L DE 30 mg/L 1   CLSM 
30 mg/L MMT 30 mg/L 1   CLSM 
15 mg/L DE + 
15 mg/L MMT 
30 mg/L 1    
30 mg/L DE + 
30 mg/L MMT 
60 mg/L 1   SEM 
60 mg/L DE 60 mg/L 1   SEM 
Exp. DII      
0 mg/L 0 mg/L 3 
Day 13, 
29* 
Day 29**  
10 mg/L DE 10 mg/L 3 
Day 13, 
29* 
Day 29**  
30 mg/L 30 mg/L 3 
Day 13, 
29* 
Day 29**  
60 mg/L DE 60 mg/L 2 Day 21*** Day 29***  
Exp. E      
0 mg/L 0 mg/L 2    
10 mg/L DE 10 mg/L 2    
30 mg/L 30 mg/L 2    
60 mg/L DE 60 mg/L 2    
* The flushing experiments were performed on one MFD (one out of the triplicates). 
* * The chlorine treatment + flushing experiments were performed on the two MFDs without 
previous flushing experiments. 
* * * The flushing experiments and chlorine treatment + flushing experiments were 
performed on both replicates.  




4.3 Results and discussion 
4.3.1 Biofilm formation with particles in microfluidic device 
In the first experiment (Exp. DI) two different inorganic particles, DE (dp0.5 = 37 µm) and 
MMT (dp0.5 = 12 µm), were added to the SynWW to have TSS concentrations of 0, 30, or 
60 mg/L. It was investigated, which influence the two different particles (DE and MMT) and 
TSS concentrations have on biofilm formation. Based on the results from Exp. DI, only DE 
was further used in Exp. DII, to create TSS concentrations of 0, 10, 30, and 60 mg/L. In shear 
stress induced deformation experiments the biofilm compressibility and stability was 
investigated. 
 
4.3.1.1 Biofilm structure  
Biofilm structure can be investigated at different scales. For instance, single cells and EPS in 
the biofilm matrix can be observed with SEM (µm range). CLSM is optimal to visualize cell 
clusters and microscopic structures with information about the biofilm composition in the 
range of a few hundred µm (Wagner et al., 2010). Along with SEM and CLSM, OCT is 
capable of visualizing an overall structure of biofilm in the mm range. In order to have a 
comprehensive understanding of the biofilm cultivated with DE and MMT, the three imaging 
technologies including SEM, CLSM, and OCT were used to reveal the biofilm structure from 
microscale to mesoscale for the biofilms formed with inorganic particles in Exp. DI. 
 
Microscale: CLSM and SEM images 
The biofilm structure at the microscale was revealed by means of CLSM (Figure 4-8(a)) and 
SEM (Figure 4-8(b)). Figure 4-8(a) shows that the DE particles were visualized in the biofilm 
matrix. DE particles have a distinguishable shape which looks like honeycomb and can be 
easily identified in Figure 4-8(a). MMT particles have a typical appearance of corn flakes 
(Keller, 1982). However, it was not possible to clearly identify them by means of CLSM. 
With the help of SEM, MMT particles can be observed in biofilm matrix together with DE 
particles (Figure 4-8(b)).  
Figure 4-8 shows that the added particles were larger than bacteria and were sometimes 
partially submerged in the biofilm matrix. The particle part which was above the average 
biofilm surface can experience a high shear stress in the flow which may trigger detachment. 
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On the other hand, the totally submerged particles may have an influence on the biofilm 
mechanical properties.  
 
 
Figure 4-8. (a) CLSM image of biofilm cultivated with 30 mg/L DE at day 14 in Exp. DI; 
and (b) SEM image of biofilm cultivated with 30 mg/L MMT + 30 mg/L DE at day 25 in 
Exp. DI. The scale bars are 50 µm and 5 µm in (a) and (b), respectively. In Figure 4-8(a), the 
green color shows EPS glycoconjugates and the red color shows nucleic acids. 
 
Mesoscale: OCT images  
Three-dimensional OCT datasets were acquired regularly in the labyrinth and basin 
compartments of the MFDs during the cultivation periods. As mentioned in Chapter 3, 
biofilm formation in the labyrinth compartment is critical for dripper blockage compared to 
the basin compartment. Therefore, only OCT images of the labyrinth compartment are 
displayed in Figure 4-9. In order to show the bulk-biofilm interface, all the images in Figure 
4-9 were depth-coded and in top-view. At day 1, small biofilm colonies were detected for all 
three TSS concentrations. At day 7, biofilms already covered all the surface of the labyrinth 
compartment and formed small, dense mound structures, roughly 100 µm in diameter. 





Figure 4-9. Depth-coded image showing biofilm formation in the labyrinth compartment at days 1, 7, and 21 in Exp. DI. The scale bar in 4-9(f) equals 
0.8 mm. The calibration bar equals the distance of the detected biofilm signal from the bottom of the labyrinth compartment.  
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were present in the cultivation media (Figure 4-9(c) and (h)). Walls and corners of the 
labyrinth structure are regions with lower flow velocities and shear stresses compared to the 
center of the channel (Al-Muhammad et al., 2016; Wei et al., 2006). Inorganic particles, 
which have a larger diameter as well as a higher density compared to bacteria (densities of 
DE and MMT were 1.95 – 2.3 g/cm3 and 2.0 – 2.7 g/cm3, respectively), may collide with the 
walls due to higher momentum and settled down there. Inorganic particles are also reported 
to accumulate in biofilm matrix due to adhesion property provided by the EPS (Dreszer et 
al., 2013; Flemming, 2002). At day 21, it was observed that biofilm coverage was high when 
no inorganic particles were present in the cultivation media (Figure 4-9(c)). The formed 
biofilm only allowed water flow through the narrow middle channel of the labyrinth 
compartment in Figure 4-9(c).  
Moreover, the OCT images give an overview of the biofilm formed/accumulated in the 
labyrinth channel and its distribution. However it was not possible to distinguish between 
bacteria and inorganic particles in the biofilm matrix. Although DE particles used in this 
study had a median size of 37 µm, and the voxel size of the OCT images was 10 µm × 10 µm 
in x and y directions, DE particles were not reliably identified in the biofilm by means of 
OCT. This is probably due to the fact that the details of the honeycomb structure of DE 
particles need a higher resolution than 10 µm × 10 µm. Moreover, DE particles are more 
reflective than bacteria, which leads to scattering of light and therefore signal loss.  
 
4.3.1.2 Biofilm formation with DE and MMT (Exp. DI) 
Three-dimensional OCT datasets were processed and biofilm volumetric coverage ( ) in 
the labyrinth compartment was quantified and displayed in Figure 4-10. Biofilm formation 
curves were linearly fitted till the day with the first maximal volumetric coverage. The slope 
was described as biofilm formation rate (  in %/d, describing the variation of biofilm 
volume over time in relation to the channel volume. 
 





Figure 4-10. Biofilm volumetric coverage in the labyrinth compartment when cultivated with 
(a) no particles, (b) 60 mg/L DE, (c) 30 mg/L DE + 30 mg/L MMT, (d) 30 mg/L DE, (e) 30 
mg/L MMT, and (f) 15 mg/L DE + 15 mg/L MMT (n = 1).   
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Figure 4-10(a) demonstrates that biofilm cultivated without particles grew steadily till 
the zigzag channel was filled by 66 % (day 21) with a formation rate (  of 3.4 %/d. When 
cultivated with 60 mg/L TSS (Figure 4-10(b) and (c)), the biofilm formation rates were 
similar compared to without particles (   = 3.4 – 3.6 %/d) before the volumetric coverage 
reached 40 – 60 %. Afterwards, the volumetric coverages fluctuated indicating occurrence of 
detachment events. Due to frequent detachment, the MFDs ended up with lower volumetric 
coverages on day 24 when cultivated with 60 mg/L TSS (60 mg/L DE or 30 mg/L DE + 
30 mg/L MMT). Moreover, biofilm cultivated with 30 mg/L DE (  = 2.3 %/d), 30 mg/L 
MMT (   = 2.8 %), and 15 mg/L DE + 15 mg/L MMT (   = 2.5 %/d) had relative lower 
formation rates compared to without particles or with 60 mg/L TSS (   = 3.4 – 3.6 %/d).  
Since only one replicate was performed in each DE or MMT concentrations, Exp. DI 
served as a pre-experiment. The following results were observed and need to be further 
confirmed: (1) 60 mg/L inorganic particles caused frequent detachment during the cultivation 
phase, (2) 30 mg/L TSS showed a lower biofilm formation rate, before the biofilm reached 
the maximal coverage, and (3) it was not possible to differentiate the effect of MMT and DE 
based on the number of experiments performed. Based on the results from Exp. DI, only DE 
particles were applied in Exp. DII to confirm the first two observed phenomena.  
 
4.3.1.3 Biofilm formation with DE (Exp. DII) 
In Exp. DII, biofilm formation in the labyrinth compartment of MFDs was investigated using 
DE concentrations of 0, 10, 30, and 60 mg/L. Figure 4-11 demonstrates the volumetric 
coverage over time. It can be seen that biofilms cultivated with 0 and 10 mg/L DE grew 
steady until a volumetric coverage of 70 % was reached at day 15. The coverage remained 
stable till the end of the experiment (day 27). Biofilms cultivated with 30 and 60 mg/L DE 
experienced detachment events after 15 days, which can be seen from the decreasing biofilm 
volumetric coverage, and the large error bars in Figure 4-11(c)-(d). This suggests that 
10 mg/L DE did not have a remarkable negative impact on the biofilm formation in the 
labyrinth of MFDs during normal cultivation conditions. Whereas DE concentrations of 30 
and 60 mg/L influenced the growth by introducing detachment events. 
 





Figure 4-11. Biofilm volumetric coverage in the labyrinth compartment when cultivated with 
(a) no particles, (b) 10 mg/L DE, (c) 30 mg/L DE, and (d) 60 mg/L DE. Error bars represent 
standard error of the mean (n = 2). 
 
Average biofilm volumetric coverage in the fluctuation phase 
Figure 4-12 shows the average biofilm volumetric coverage in the fluctuation phase. The 
fluctuation phase was roughly assumed to start after the highest volumetric coverage and last 
until the end of the experiment. In general, the biofilm coverage in the fluctuation phase was 
the highest (69 %) with 10 mg/L DE in the cultivation medium. When the DE concentration 
further increased to 30 and 60 mg/L, detachment events occurred and the volumetric coverage 
decreased. There was 5 – 12 % less biofilm in the labyrinth when cultivated with 30 and 
60 mg/L DE compared to 0 mg/L particles. Moreover, these results comply with the 
observations from Exp. DI. 
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It is also observed that the error bars in Figure 4-12 are very large, when TSS equals 30 
and 60 mg/L. This implies that the two replicates were quite different and detachment 
happened statistically. On the other hand, the fluctuation of the volumetric coverages 
indicates occurrence of sloughing events in the MFDs. It seems that biofilms cultivated with 
30 or 60 mg/L DE were not as cohesive as biofilms without particles. In the field, the clogged 
drippers were observed to recover in the pilot scale experiment (Exp. B) from this work and 
from Duran-Ros et al. (2009), which also used TWW for irrigation. Recovery of clogged 
dripper is due to biofilm detachment in the dripper geometry. In order to facilitate biofilm 
detachment in the drippers and maintain the performance of drip irrigation systems, it is of 
research interest to study the influence of inorganic particles on biofilm stability.  
 
 
Figure 4-12. Average biofilm volumetric coverage in the fluctuation phase when cultivated 
with different DE concentrations. Error bars represent standard error of the mean (n = 2). 
 
Biofilm formation rate (DE) 
The average biofilm formation rates in Exp. DII in the labyrinth compartment were calculated 
and listed in Table 4-4. It can be seen that the biofilm formation rates slightly decreased from 
5.2 %/d to 3.6 %/d when the DE concentration increased from 0 to 30 mg/L. But the 
formation rate increased from 3.6 %/d to 4.3 %/d when the DE concentration further set to 
60 mg/L. This trend agrees with the results from Exp. DI. 
 
 




Table 4-4. Biofilm formation rates ( �) in Exp. DI and DII. 
Particle concentration Exp. DI (n=1) Exp. DII (n=2) 
0 mg/L DE 3.4 %/d 5.2 %/d 
10 mg/L DE -- 4.8 %/d 
30 mg/L DE 2.3 %/d 3.6 %/d 
60 mg/L DE 3.6 %/d 4.3 %/d 
 
Substrate and nutrient concentrations in Exp. DII were the same independent of particle 
addition. Therefore, the biofilm formation due to bacterial growth was expected to be similar. 
Lower biofilm formation rates (before reaching the first maximal volumetric coverage) can 
be explained as continuous/constant biofilm erosion (small amount of biofilm detachment), 
probably due to less cohesive biofilms formed with particles. Erosion refers to the continuous 
loss of single cells or small cell clumps due to physical forces or cell cycle mediated events 
(Allison et al., 1990; Walter et al., 2013). Except for biofilm erosion, it is not clear if the 
particles in the cultivation media had an abrasion effect on biofilm. Abrasion is the removal 
of biofilm due to the collision of particles with the biofilm surface. Derlon et al. (2008) 
investigated the erosion effect of polypropylene particles (density = 970 g/L, diameter = 3.15 
– 4 mm) on biofilms. However, the abrasion effect of small inorganic particles hasn’t been 
investigated yet. To be mentioned, that biofilms cultivated with 60 mg/L TSS ( � = 4.3 %/d) 
had a higher formation rate than cultivated with 30 mg/L TSS ( � = 3.6 %/d). Possible reason 
can be the settlement of the particles inside the MFDs which contributed to the biofilm 
formation rates. 
To sum up, the possible processes contributing to the variation of biofilm volume (when 
cultivated with inorganic particles) are biofilm growth, detachment, and particle deposition. 
Particles in the cultivation media might contribute to both negative and positive effects on 
biofilm formation. The negative aspect was reflected by the formation of a less cohesive 
biofilm, which experienced sloughing or erosion. The positive effect on the increase of 
biofilm volume lies in the particle deposition. 
The biofilm formation rates in Exp. DII were generally 1.4 times higher than Exp. DI 
(Table 4-4). Possible reasons can be that the tanks for the cultivation media were thoroughly 
washed 3 times per week in Exp. DII, and the tanks were thoroughly washed once per two 
weeks in Exp. DI.  
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4.3.1.4 Flushing experiment 
To investigate the biofilm stability, biofilm flushing experiments were carried out in Exp. DII. 
Biofilm detachment was forced by increasing the flowrate to 2 L/h, 3 L/h and 4L/h, each with 
15 min (Figure 4-3).  
Figure 4-13 shows the relative biofilm volumetric coverage during the flushing 
experiments. The biofilm detachment was on average 18 % when the flowrate was increased 
from 1 to 2 L/h. When the flowrate was further increased to 3 and 4 L/h, additional 23 % and 
13 % of the relative biofilm volume detached, respectively. Flushing effects have been 
studied before. Stoodley et al. (2002) observed an increasing biofilm detachment when the 
shear stress increased to 2.5 – 3 times of that during cultivation. Coufort et al., (2007) reported 
that approximately 50 – 60 % of the biomass detached at three-fold shear stress, and a loss 
of 20 % when the shear stress further rose to 20 times of the original shear stress. This study 
also observed highest biomass loss (23 %) when the flowrate increased to 3 L/h (1 L/h during 
cultivation), which complies with the results from the literature. However, on average 46 % 
biofilm was left after the flushing experiment. Most of the detached biomass belonged to the 
fragile top layer of the biofilm. It is reported that the top layer, which represents 60 % of the 
biofilm mass, is very fragile and can be easily detached. The basal layer, which represents 
20% of the biofilm mass, is very cohesive and can resist high shear stresses. Between these 
two layers, a middle layer of intermediary cohesion represents 20% of the initial biofilm mass 
(Coufort et al., 2007; Derlon et al., 2008; Paul et al., 2012).  
Surprisingly, biofilms cultivated with 60 mg/L DE experienced the least detachment 
(39 %), followed by 0 and 30 mg/L DE (Table 4-5). This seems to be contradictory to the 
results revealed by Figure 4-10 and Figure 4-11, that biofilms cultivated with 30 and 60 mg/L 
DE faced frequent detachment during normal cultivation. On the other hand, the results also 
suggests that biofilms cultivated with 10 mg/L was stable during the cultivation period, but 
they were not stable at a sudden rose of shear stress (two- to four-fold increase). To confirm 
this theory, more shear stress induces biofilm deformation and detachment experiments were 
conducted in flow cells. These allowed to study the biofilm deformation under changing shear 
stresses (section 4.3.2). 
 





Figure 4-13. Relative biofilm detachment after the flowrate was increased from 1 L/h to 
2 L/h (15 min), 3 L/h (15 min), and 4 L/h (15 min). The dotted lines and the numbers above 
the dotted lines indicate the average values of the four DE concentrations. Error bars 
represent standard error of the mean (n = 2). 
 
Table 4-5. Relative biofilm detachment in the flushing experiments (MFD). 
Rel. biofilm detachment (%) 0 mg/L DE 10 mg/L DE 30 mg/L DE 60 mg/L DE 
MFD Flushing (after 45 min) 50 % 69 % 57 % 39 % 
 
4.3.1.5 Chlorine treatment and flushing experiment 
To investigate the effect of chlorine treatment, the MFDs in Exp. DII were exposed to sodium 
hypochlorite (free chlorine = 50 mg/L) for 1 hour. On average 24 % of the biofilm detached 
after 1 hour of chlorine treatment (Figure 4-14). In the field, the free chlorine concentration 
used in chlorine treatments is recommended to be higher than 1 mg/L at the end of the pipe. 
Thus the concentration used in this experiment was higher than the field recommendation. 
However, an average of 24 % biofilm detachment was lower than expected. This might be 
due to the limited chlorine penetration in the biofilm. de Beer et al. (1994) developed a 
chlorine microelectrode and found that chlorine concentrations measured in the biofilms 
(thickness 150 – 200 µm) did not reach > 20 % of the concentration in the bulk liquid. Thicker 
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biofilms are reported to present a barrier to the penetration of antimicrobial agents (Cochran 
et al., 2000; Mah and O’Toole, 2001).  
Although only one fourth of the total biofilm detached after 1 hour chlorine treatment, 
the biofilm structure was weakened by hypochlorite and another 50 % biofilm detached after 
45 min flushing experiments. The flowrates in the flushing experiment here was 15 min at 2, 
3 and 4 L/h, respectively, which was the same as in the above mentioned flushing experiment. 
At the end, there was only on average 25 % biofilm left in the labyrinth of MFDs. This 
indicates that with the help of chlorine treatment, flushing was able to remove more biofilm 
than flushing experiment alone (averagely 46 % biofilm was left in the labyrinth after the 
flushing experiment, Figure 4-13), which implies that chlorine treatment and flushing 
together have a better cleaning effect. Mathieu et al. (2014) also reported that the 
cohesiveness of drinking water biofilm was weakened under chlorination stress. This throws 
light on the treatment of drip irrigation systems in the fields, that chlorine treatment and 
flushing should be combined in order to have a better biofilm removal effect. Moreover, the 
amount of remaining biofilm after 45 min flushing (Figure 4-14) was lowest with no particles 
in the cultivation medium. It suggests that addition of DE in the cultivation media limits the 
susceptibility of biofilms to hypochlorite (Figure 4-14). Similarly, Srinivasan et al. (1995) 
reported the presence of kaolin and calcium carbonate particles in the mono- and binary 
population biofilms (Pseudomonas aeruginosa and Klebsiella pneumoniae) reduced 
disinfection efficacy. 
 
Figure 4-14. Relative biofilm detachment after the 1 h chlorine treatment and 45 min flushing. 
Flowrates during flushing were 15 min at 2 L/h, 15 min at 3 L/h and 15 min at 4 L/h as 
described in Figure 4-3. The dotted lines and the numbers above the dotted lines indicate the 
average values of the four DE concentrations. Error bars represent standard error of the mean 
(n = 2).  
 




4.3.2 Biofilm mechanical properties 
To study the biofilm mechanical properties, especially compressibility, flow cells (inner flow 
channel: 2 mm × 1 mm × 160 mm) were used to cultivate biofilms with 0, 10, 30, and 
60 mg/L DE. Biofilm deformation under changing flowrates (shear stresses) was investigated 
when biofilm thickness was > 100 µm.  
In shear stress induced deformation experiments, the flow velocity was increased, so that 
the shear stress changed from 0 Pa to 3.6 Pa in 9 steps, and then back to 0 Pa step by step. 
OCT images (2 mm × 2 mm × 1 mm) were acquired in each step (Blauert et al., 2015). Based 
on the three-dimensional datasets, the biofilm thickness and volumetric coverage were 
calculated. Biofilm thickness was calculated only for biofilms formed in the center the bottom 
flow channel (0.8 mm × 2 mm, Figure 4-7, page 53). The biofilm volumetric coverage, on 
the other hand, accounted for biofilm in the whole three-dimensional imaging region (2 mm 
× 2 mm × 1 mm). 
 
Biofilm compressibility  
Compressibility is a measure of the relative volume change of fluid or solid as a response to 
pressure (or mean stress). Casey (2007) proposed compression (compaction) as a mechanism 
contributing to the structural realignment to form a higher density, lower porosity biofilm 
under high shear force. In this study it was assumed that the bottom surface (area) of biofilm 
did not change during the shear induced experiments and only the biofilm thickness changed. 
Therefore the biofilm compressibility was calculated based on the change (drop) of biofilm 
thickness at increasing shear stresses. 
For the calculation of compressibility, only regions without biofilm detachment were 
selected. Figure 4-15 shows the correlation between mean biofilm thickness and wall shear 
stress during the shear stress induced experiments when biofilms were cultivated with 0, 30, 
and 60 mg/L DE. There is no data for biofilms cultivated with 10 mg/L DE due to massive 
biofilm detachment, and no proper region could be selected for calculation of compressibility. 
Biofilm compressibility (1/Pa) was defined as -1 times the slope (change of biofilm thickness 
over shear stress) in Equation 4-4.  
 � = − �  [ ��⁄ ] (4-4) 
Here � is the biofilm compressibility (1/Pa), �  is the wall shear stress (Pa),  is the biofilm 
thickness (µm), and  is the initial biofilm thickness (µm).  
Chapter 4. Influence of inorganic particles on biofilm development 
69 
 
The compressibilities of biofilms cultivated with 0, 30, and 60 mg/L DE were 0.01, 0.06, 
and 0.08 (1/Pa), respectively. This means that biofilm thickness changed 8 % under 1 Pa of 
wall shear stress when biofilm was cultivated with 60 mg/L DE, while the thickness variation 
was only 1 % when cultivated with 0 mg/L DE. It thus suggests that biofilms formed with 
higher DE concentrations were more compressible than biofilms cultivated without inorganic 
particles. 
 
Figure 4-15. Biofilm compressibility when biofilms were cultivated with (a) no particles, (b) 
30 mg/L DE, and (c) 60 mg/L DE. Error bars represent standard error of the mean (n = 2). 
 
Comparing the biofilm compressibility in literature is difficult, since conclusive studies 
are missing. In 2001, Körstgens et al. performed compression experiments, but they studied 
the biofilm mechanical stability and viscoelastic properties instead of compressibility. 
Biofilm compression was further described by Paul et al. (2012). They reported that 
compression prevailed for the basal layers of the biofilms and detachment prevailed for the 
upper part. Dreszer et al. (2014), Derlon et al. (2016), and Valladares Linares et al. (2016) 
observed biofilm compression (compaction) during membrane filtration processes by means 
of OCT. Moreover, Blauert et al. (2015) visualized biofilm compression on solid surface at 
elevated shear stresses using OCT. But they did not give a number of the biofilm 
compressibility. The results above clearly show the importance of biofilm compressibility as 
an important parameter for the biofilm mechanical properties. The compressibility seems to 
better correlate with the concentration of added particles than the other measured values like 
growth rate, volumetric coverage or detachment.  
 




As mentioned, biofilm compression (compaction) is a process which reduces biofilm 
porosity (Casey, 2007). The porosity calculated in this study was based on the binarized OCT 
images, e.g. in Figure 4-16. The black pixels under the bulk/biofilm interface were 
recognized as pores/voids in the biofilm matrix. Therefore, the porosities of the biofilms 
(from two-dimensional cross sections without flow) shown in Figure 4-16, were 32 % 
(0 mg/L DE) and 30 % (60 mg/L DE), respectively. However, the high reflection of 
incorporated inorganic particles does not allow qualitative determination of porosity, either 
during the growth or during the compression process. For instance, Figure 4-16(b) shows that 
the biofilm formed with 60 mg/L DE had a high reflective upper layer. The inorganic particles 
also hinder light penetration during the imaging process and lead to an underestimation of 
the biofilm formed directly beneath the particles. Nevertheless, decrease of biofilm porosities 
has been observed by Blauert et al. (2015) during compression process.  
 
 
Figure 4-16. OCT images of flow cell cross-sections visualized without flow. Horizontal 
and vertical scale bars = 200 µm. During cultivation flow direction was from left to right. 
 
There are several studies investigating biofilm mechanical properties with inorganic 
particles in the membrane filtration field. Chomiak et al. (2014) reported that diatomaceous 
earth at a concentration of 300 mg/L increased biofilm heterogeneity and enhanced permeate 
flux in the ultrafiltration. Moreover, particles have been added to the activated sludge in the 
membrane bioreactors to increase its filterability. The particles which have been studied are 
mainly activated carbon (Jamal Khan et al., 2012; Lesage et al., 2008), or colloidal particles 
such as latex or melamine sub-micron beads (Loulergue et al., 2014; Teychene et al., 2011). 
It is reported that particles increased the permeate flux and cake reversibility (less irreversible 
fouling). These studies reported that particles changed the biocake structure and made it less 
compressible (Jamal Khan et al., 2012; Lesage et al., 2008) and less resistant (Jamal Khan et 
al., 2012; Lesage et al., 2008; Loulergue et al., 2014). However, one need to remember that 
the compressibility and resistance in membrane filtration are differently defined compared to 
what has been studied here. In membrane research, the cake resistant is the hydraulic 
resistance which attributes to the overall transmembrane resistance. And the cake 
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compressibility is a measure to quantify the correlation of cake resistance and transmembrane 
pressure. Compared to biofilms formed on solid surface, the formation of biocake in 
membrane systems is additional due to particle deposition by viscous drag force. In this work, 
the biofilm shear resistance and the compressibility were investigated under wall shear 
stresses instead of filtration. Therefore, the conclusions from the membrane studies about 
compressibility and resistant are not easily comparable to this work. 
 
Biofilm thickness variation 
In Figure 4-15 (biofilm compressibility) the biofilm thickness at regions without detachment 
is shown. Figure 4-17 shows the overall biofilm thickness variation at the bottom of the flow 
cell including compression and detachment. The white markers in Figure 4-17 indicate the 
change of biofilm thickness when the shear stress increased and the black markers show how 
the biofilm relaxed when the shear stress decreased from 3.6 to 0 Pa. 
It can be seen that biofilms cultivated without particles (Figure 4-17(a)) were quite stable 
in the shear induced deformation experiments. The biofilm thickness did not change a lot 
when shear stress increased, which implies that biofilms were not compressed and the 
detachment was low. With 10 mg/L DE in the cultivation media, the biofilm thickness 
remained unchanged when the wall shear stress was below 1.2 Pa. When the wall shear stress 
reached 1.2 Pa, the biofilm thickness decreased indicating compression as well as detachment. 
Later, when the shear stress reached 2.8 Pa, the biofilm thickness dropped dramatically to 
half of the original biofilm thickness. This sudden drop of biofilm thickness indicates 
detachment of large pieces of biofilms (sloughing). Compared to biofilms cultivated without 









Figure 4-17. Change of relative biofilm thickness when biofilms were cultivated with (a) no 
particles, (b) 10 mg/L DE, (c) 30 mg/L DE, and (d) 60 mg/L DE. Error bars represent standard 
error of the mean (n = 2). The white markers indicate the change of biofilm thickness when 
the shear stress increased and the black markers show how the biofilm relaxed when the shear 
stress decreased from 3.6 to 0 Pa. Red dotted lines indicate the shear stress during biofilm 
cultivation. 
 
For biofilms cultivated with 30 mg/L, the biofilm thickness decreased gradually. The 
large error bars in Figure 4-17(c) (30 mg/L DE) suggest that the biofilm thickness varied a 
lot between the two replicates. One replicate encountered gradual detachment/compression, 
and the biofilm thickness of the other replicate did not change until the shear stress was high 
enough to trigger a sloughing event. Lastly, for biofilms cultivated with 60 mg/L DE, the 
thickness decreased overall gradually with lower error bar. This indicates that the biofilm 
cultivated with 60 mg/L DE just encountered small detachment when the wall shear stress 
increased from 0 to 3.6 Pa.  
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Figure 4-17 also revealed that the biofilm relaxed when the shear stress decreased from 
3.6 Pa to 0 Pa. Relaxation is the opposite of compression, defined as decrease in biofilm 
density and increase in porosity, resulting in a rise of thickness (Valladares Linares et al., 
2016). It can be seen that the biofilm cultivated without particles displayed a slightly 
fluctuating biofilm thickness. When there was more DE particles in the cultivation media (i.e. 
60 mg/L) the biofilm thickness increased by 20 % when the shear stress decreased from 
3.6 Pa to 0 Pa. This results also confirm that the compressibility increased when there were 
more DE particles in the cultivation media.  
It was discussed before that biofilms, cultivated with 60 mg/L DE, show the least 
detachment in the MFD flushing experiments (section 4.3.1.4, page 65 – 66). This might be 
explained by the biofilm compressibility. The biofilm structure is supposed to be stabilized 
when biofilm is compressed. The overall results imply that addition of particles affects 
biofilm stability in two different ways. On the one hand, addition of particles (more than 
30 mg/L) made the biofilm structure unstable under normal cultivation conditions (relative 
low shear stresses). On the other hand, biofilm compressibility increased and biofilm 
structure was stabilized under increasing shear stresses. For biofilms cultivated at 60 mg/L, 
biofilm detachment occurred statistically during the cultivation phase. However, the biofilms 
(at 60 mg/L) were compacted at increasing shear stresses (flushing and shear stress induced 
experiments) due to the high biofilm compressibility which prevented sloughing events at 
high shear stresses. Moreover, biofilm cultivated with 10 mg/L DE was stable under lower 
shear stress during normal cultivation conditions in the MFDs, but it experienced sloughing 
events in both MFD flushing experiments and the shear induced deformation (compressibility) 
experiments. The incorporation of a small amount of inorganic particles (10 mg/L DE) seems 
to have a low impact on compressibility. The microorganisms grew compact with low 
concentration of particles and thereby form more rigid biofilm structure which might be more 
susceptible to sloughing. 
Furthermore, the biofilm detachment between cultivation and the flushing experiments 
(3×15 min) are different due to the biofilm viscoelastic behavior. Stoodley et al. (2002) found 
that the biofilms were viscoelastic fluids which behaved like elastic solids over periods of a 
few seconds but like linear viscous fluids over longer times. Shaw et al. (2004) further 
determined that the transition time from elastic to viscoelastic deformation is approximately 
18 min over a wide sample of biofilms. This means that during the flushing experiments, the 
biofilms behaved more like elastic solids, while during the cultivation more like viscoelastic 
fluid. Therefore biofilms responded differently in the cultivation and flushing experiments, 
which also leaded to different detachment behavior.  
 






The amount of biofilm detachment was calculated as the difference of biofilm volume before 
and after the shear stress induced experiment as shown in Equation 4-5. The volumetric 
coverage used here represent the biofilm coverage in the 2 mm × 2 mm × 1 mm volume. 
 � ℎ =  − ×  [%] (4-5) 
Here  and  represent the biofilm volumetric coverage before and after the 
shear stress induced experiments.  
Table 4-6 lists the amount of detached biofilm cultivated with four different TSS 
concentrations. It shows that cultivation without particles produced biofilms which were 
quite stable. The amount of detached biofilm volume was on average 10 %. When particles 
were integrated in the biofilm, the amount of biofilm detachment increased to 17 – 37 %. 
Furthermore, results shows that biofilms cultivated with 60 mg/L experienced the second 
lowest detachment. This result is consistent with the flushing experiments performed in the 
MFDs. As discussed before, the biofilm was more compressible when more DE particles 
were incorporated in the biofilm matrix. This makes the biofilm structure stable at higher 
shear stresses. 
 
Table 4-6. Relative biofilm detachment after the stress induced experiments (n = 2). 
TSS 
Biofilm detachment  
(after 36 min experiment) 
0 mg/L 10 % 
10 mg/L 37 % 
30 mg/L 27 % 
60 mg/L 17 % 
 
 




In this chapter, the influence of inorganic particles on biofilm formation in the dripper 
structure and the biofilm compressibility was studied. The achieved results justify the 
following conclusions: 
 Biofilms cultivated with 30 and 60 mg/L DE encountered statistic detachment in the 
MFDs and ended up with a lower volumetric coverage compared to biofilms cultivated with 
0 and 10 mg/L DE. 
 The biofilm compressibility is higher when more DE particles are dosed in the 
cultivation media.  
 Biofilm detachment in the flushing experiment (MFDs) and shear induced 
experiment (straight flow cells) revealed that biofilm detachment was the lowest when the 
DE concentration was 0 and 60 mg/L. The low detachment when cultivated with 60 mg/L 
DE was attributed to high biofilm compressibility. Biofilm compressibility proved to be a 
good parameter to characterize biofilm stability. 
 Combination of chlorine treatment and flushing demonstrated a higher biofilm 
removal effect compared to flushing or chlorine treatment alone.  
  
 










Conclusions and outlook 
 
Drip irrigation systems can increase water use efficiency, minimize salinity hazard to plants, 
improve chemical application, decrease energy requirements and improve cultural practices. 
Due to the small flow channel in the dripper and utilization of treated wastewater (TWW) in 
(semi-) arid regions, fouling occurs and drippers block. This work sets out to examine the 
fouling driving factors in drip irrigation systems. Experiments in both drip irrigation systems 
and microfluidic devices (MFDs) which mimic the inner dripper geometry were performed 
to study the influence of water quality, daily temperature cycle and particles on the biofilm 
development and occurrence of dripper blockage. Specially, biofilms were cultivated in 
straight flow cells and biofilm mechanical properties (stability and compressibility) when 
cultivated with inorganic particles were investigated. The results will be high-lighted briefly 
in the following. 
To explore the impact of water quality on biofilm formation, real TWW and synthetic 
wastewater (SynWW) were utilized in both drip irrigation systems and MFD experiments. 
Results from both drip irrigation systems and MFD experiments proposed that better water 
quality (low BOD5) can delay the occurrence of dripper blockage. Accumulation of inorganic 
particles, on the other side, suggests to mitigate the fouling problem in the drip irrigation 
systems.  
The biofilm structure in the drippers was not yet visualized at the mesoscale and non-
invasively. In this work 3D printed MFDs were used to mimic the inner dripper geometry 
and optical coherence tomography (OCT) was applied to follow biofilm formation inside the 
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MFDs in-situ and non-invasively. Three-dimensional OCT datasets unveil the biofilm 
distribution (e.g. initial biofilm attachment, regions favor biofilm formation) and biofilm 
structure (e.g. streamer formation) in the dripper geometry. Both biofilm distribution and 
structure were influenced by fluid dynamics. 
Discharge rates of the MFDs were controlled during the cultivation period in MFDs. It is 
revealed that biofilm coverage in the labyrinth of up to 60 % did not reduce the discharge 
rate, whereas further increasing coverage to 80 % reduced the discharge rate by 50 % in this 
experimental setup. It therefore suggests that the amount of biomass in the drippers maybe 
underestimated by measuring discharge rate alone in the field.  
TWW often contains inorganic particles. In order to evaluate the fouling potential of 
TWW in the drip irrigation systems, the influence of inorganic particles on biofilm 
development in dripper structure requires a thorough understanding. In this work, 
Diatomaceous earth (DE) and montmorillonite (MMT) were dosed in the cultivation media. 
Results showed that (DE/MMT) often encountered statistic detachment in the MFDs during 
cultivation. Therefore biofilms cultivated with high load of TSS ended up with lower biofilm 
volumetric coverages compared to that cultivated with 0 or 10 mg/L TSS. 
Further studies of biofilm material property were performed in straight flow cells. An 
important finding from this work is that biofilms cultivated with a high load of inorganic 
particles (60 mg/L DE) showed a higher biofilm compressibility compared to biofilms 
cultivated without particles. The addition of particles during biofilm cultivation affected 
biofilm stability in two ways. On the one hand, the biofilm structure became unstable under 
30 or 60 mg/L particles and experienced more detachment events during normal cultivation 
periods. On the other hand, biofilms became more compressible when cultivated with certain 
amount of particles. The biofilm structure is supposed to be stabilized when it gets 
compressed at increasing shear stresses. Therefore less biofilm detached during the flushing 
experiments (at increasing shear stresses) when cultivated with 60 mg/L DE. 
Understanding the effect of a daily temperature cycle till 50 °C in arid and semi-arid 
regions is important when the fouling driving factors in drip irrigation systems are to be 
characterized. Comparing biofilm formed in ambient (20 °C) and temperature cycle, daily 
temperature cycle had a negative impact on biofilm formation. The biofilm formation rate 
was inhibited in daily temperature cycle independent of the cultivation medium used. 
However, fouling still occurs in arid and semi-arid regions when the drip irrigation is 
performed in the daily temperature cycle. Possible reason can be the accumulation of organic 
and inorganic particles and different types of microorganisms in the field. In this work, the 
 




TSS concentration in the TWW was lower than 10 mg/L, while in the field, the TSS 
concentration in the TWW can be higher than 100 mg/L  
The presented results provide extended knowledge about biofilm growth and dripper 
blockage which are not accessible non-invasively in drip irrigation systems. OCT datasets 
imply that biofilm formation is governed by the hydrodynamic conditions. High shear stress 
in the labyrinth compartment can provide microorganisms a thinner concentration boundary 
layer and thus a better substrate availability. But it doesn’t assist the initial bacterial 
attachment (longer lag phase probable) and can cause more biofilm detachment. Further 
simulation studies concerning the hydrodynamic conditions in the MFD with OCT datasets 
as biofilm structure template will help to better understand the biofilm formation in the MFD. 
Furthermore, bacteria also attach to particles in the bulk medium. Inorganic particles were 
spiked in the cultivation medium in several experiments in this work. The settlement of 
particle-associated bacteria in the flow cell depends on the physical properties of the particles 
(e.g. size and density). CFD simulation can provide better understanding and prediction of 
biofilm formation in the MFDs when particles are present in the cultivation medium.  
Moreover, this work has mainly focused on the effect of DE (dp0.5 = 37 µm) on biofilm 
development. The effect of different particle sizes and particle types on the biofilm 
development and detachment was not fully investigated yet and can be incorporated in future 
studies. To study the biofilm detachment when cultivated with inorganic particles, the size 
distribution of the detached biomass and detachment rates during steady state and shear 
conditions are also of research interest. 
Biofilm material properties may in future be linked to biofilm detachment. Understanding 
the biofilm material property with respect to elasticity, compressibility and brittleness will 
bring the knowledge of biofilm to a new level. More effort on studying the biofilm 






Supplementary information to Chapter 2 
S 2-1. Temperature conditions in pilot-scale Exp. B  
The temperature condition during the experimental period is illustrated in Figure S 2-1 
(WeatherSpark). It was warm in 2015 in Karlsruhe and the high temperature in July and 
August was often above 30 °C. The temperature from 4th November to 21st November was 
also warmer than average temperatures, including 2 days with a high temperature above 
20 °C.  
 
 
Figure S 2-1. Temperature in Karlsruhe-Baden Baden in 2015. The daily low (blue) and high 
(red) temperature during 2015 with the area between them shaded gray and superimposed 
over the corresponding averages (thick lines), and with percentile bands (inner band from 
25th to 75th percentile, outer band from 10th to 90th percentile). The bar at the top of the 
graph is red where both the daily high and low are above average, blue where they are both 







S 2-2. Comparison of the SynWW used in Exp. A and Israeli TWW. 
Table S 2-1. Comparison of the SynWW and Israeli TWW 








COD 58 12 - 
BOD5 10.5 12 - 
NO3--N 5.2 8.2 3.6 
NH4+-N 3.6 4.6 <0.01 
P-soluble 2.2 2.16 - 
P-total 3.8 2.16 0.01 
SO42- 37 66 56 
Na+ 180 174 11 
Cl- 260 257 14 
K-soluble 27 29 2 
Ca2+ 70 112 112 
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